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APRESENTACAO DA TESE

Este trabalho foi realizado na Universidade Federal do Rio Grande do Norte,
Programa de Pds-Graduagdo em Ecologia, sob a orientacdo da professora Dra. Vanessa
Becker (UFRN), e coorientacdo da professora Dra. Juliana Deo Dias (UFRN). Além
disso, foi realizado com colaboracdo da Dra. Fabiana Oliveira Araljo no projeto
“Mitigacao e controle de floracdes de cianobactérias e fertilizacdo interna em mananciais
do semiarido brasileiro” (n. 437618/2018-8-CNPq). O presente trabalho também foi
realizado com o apoio do projeto “Qualidade da disponibilidade hidrica e proposicao de
técnicas de mitigacdo frente as mudangas climaticas na regido semiarida brasileira”
(Projeto Universal-CNPq n. 407783/2016-4) e com o apoio da Coordenacdo de
Aperfeicoamento de Pessoal de Nivel Superior - Brasil (CAPES) - Cddigo de
Financiamento 001.

O objetivo geral desta tese foi analisar as respostas da comunidade planctonica
diante de técnicas quimicas de mitigacao da eutrofizacdo, avaliando sua eficiéncia em
aguas de mananciais da regido semiarida tropical. Os capitulos 1 e 2 responderam a
primeira parte do objetivo, relacionado ao efeito das técnicas no plancton. Os capitulos 2
e 3 responderam a segunda parte do objetivo referente a eficicia da técnica (Figura 1).

O primeiro capitulo intitulado “How is plankton affected by physical and chemical
eutrophication control techniques? A scientometric perspective” foi submetido a revista
Environmental Science and Pollution Research. Neste capitulo foi realizada uma analise
cienciométrica da literatura para observar o efeito de técnicas quimicas e fisicas para o
controle da eutrofizacdo em organismos planctonicos (fitoplancton e zooplancton) em
ambientes eutroficos. A avaliacdo abrangeu a producdo bibliométrica de 1974 a 2020,
buscando avancar nas lacunas do conhecimento existentes.

O segundo capitulo, entitulado “Effects of the Floc & Sink technique on the biomass
and composition of phytoplankton morpho-functional groups in eutrophic waters from
tropical semiarid region”, foi submetido para a revista Hydrobiologia. O objetivo deste
estudo foi analisar os efeitos da técnica de mitigagdo de ‘Floc & Sink’ (F&S) na biomassa
e na composicao do fitoplancton em &guas eutroficas de dois reservatorios da regido
semiarida tropical, em uma escala experimental. Utilizamos a abordagem funcional dos
Grupos Funcionais Baseados em Morfologia (MBFG), que leva em consideragéo

caracteristicas morfoldgicas do fitoplancton (Kruk et al., 2010). Com esta abordagem €
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possivel avaliar quais 0s mecanismos adaptativos sdo mais resistentes a
coagulagdo/floculacdo e sedimentacdo. Nossa hipdtese foi que grupos com presenca de
vesiculas de gas e mucilagem (MBFG 111, VII e VIII) seriam mais dificeis de sedimentar,
e portanto, mais resistentes a remocao da biomassa pela técnica de F&S. O experimento
foi realizado em microcosmos (300 mL) com um tempo de sedimentacéo de 2 horas, com
a aplicacdo de materiais de lastro naturais, visando uma potencial alternativa econémica
para a remocao da biomassa algal.

O terceiro capitulo intitulado “Uso de coagulante e adsorventes como estratégia
alternativa na mitigacdo em aguas eutrofizadas do semiérido tropical”, teve como
objetivo testar a eficiéncia da técnica Floc & Lock (F&L) na mitigacdo da eutrofizacdo
em um experimento em escala de laboratério, com aguas de um reservatorio da regido
semiarida tropical. Este estudo hipotetizou que a técnica é capaz de remover a biomassa
algal, imobilizar o fésforo presente no sedimento, diminuindo a fertilizacdo interna e que
a combinacdo do Cloreto de PoliAluminio (PAC) + 50% de Bentonita modificada com
lantanio (BML) + 50% Calcéario Bege (CB) é tdo eficiente quanto a utilizacdo de apenas
PAC+BML. Essa combinacdo é uma alternativa com um potencial mais econémico em
uma futura aplicacéo de escala real devido ao alto preco da BML, que seria reduzido ao
utilizar o CB. Para este experimento foram utilizados um coagulante quimico (PAC) e
materiais com potencial de adsor¢do de fésforo (BML) e (CB). O experimento foi
realizado em laboratdrio por 47 dias em tubos de PVC, contendo agua e sedimento. Este

capitulo sera submetido a revista Water Research.
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Aplicag¢do de técnicas quimicas para mitigagdo da
eutrofizagdo e seus efeitos nos organismos plancténicos

Analisar as respostas da Avaliar a eficiéncia de técnicas
comunidade plancténica diante quimicas de mitigagdo da eutrofizacdo
de técnicas quimicas de em dguas de mananciais da regido
mitiga¢do da eutrofizagdo semidrida tropical
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RESUMO

A geoengenharia compreende a técnicas quimicas de mitigacdo da eutrofizacdo, que
objetivam manipular o ciclo biogeoguimico do fésforo. As técnicas Floc & Sink e Floc
& Lock formam a geogenharia e tem sido muito estudas acerca de seus efeitos na
qualidade da &gua, entretanto, existem poucos estudos sobre os efeitos dessas técnicas
nos organismos planctonicos (fitoplancton e zooplancton). Diante disso, o objetivo geral
dessa tese foi analisar as respostas da comunidade planctdnica diante de técnicas quimicas
de mitigacgdo da eutrofizagdo, avaliando sua eficiéncia em &guas de mananciais da regido
semiarida tropical. O primeiro capitulo teve por objetivo realizar uma analise
cienciométrica da literatura para observar o efeito de técnicas quimicas e fisicas de
controle da eutrofizacdo em organismos planctdnicos em ambientes eutroficos, avaliando
a producdo bibliomeétrica e determinando as lacunas de conhecimento existentes. Os
resultados mostraram que essas técnicas tém sido bastante estudadas e tem ocorrido mais
interesse nelas ao longo dos anos. Apesar disso, poucos estudos focam nos efeitos das
técnicas no plancton. Os efeitos da técnica em outros grupos fitoplanctonicos, além das
cianobactérias e no zooplancton sdo pouco abordados e ainda nao esta claro como essas
técnicas agem nesses organismos, sendo uma das lacunas encontradas no primeiro
capitulo. Além disso, estudos que observem os efeitos ao longo do tempo, mostrando a
sucessdo da comunidade plancténica e em mesocosmos sdo minoria e também precisam
ser analisados. No geral, todas as técnicas quimicas removeram a biomassa ou o
biovolume das cianobactérias, ao contrario das técnicas fisicas que tiveram resultados
conflitantes e inconclusivos. Os poucos estudos apds a aplicacdo da técnica mostram
efeitos positivos na diversidade do fitoplancton ap6s o Floc & Sink e um aumento na
riqueza apo6s o Floc & Lock e a aeragdo. Todas as técnicas afetaram negativamente o
zooplancton, diminuindo a biomassa, sobrevivéncia ou abundancia desses organismos.
Diante disso, algumas destas lacunas buscaram ser respondidas nos capitulos seguintes,
focados na técnica quimica da geoengenharia, que vém ganhando destaque nas
publicagdes cientificas da ultima década. A técnica tem como objetivo manipular o ciclo
biogeoquimico do fdsforo (P), removendo o P particulado (biomassa algal) por
sedimentacdo, e o P dissolvido da &gua por adsorcdo e capeamento do sedimento. A
técnica utiliza a combinacdo de coagulante e materiais (naturais ou modificados) para
sedimentacdo. Dessa forma, o capitulo dois analisou os efeitos na biomassa e composicao
fitoplanctonica, ao aplicarmos a técnica de mitigacdo Floc & Sink (F&S), em aguas
eutrofizadas de reservatérios da regido semiarida tropical. Para este objetivo foi utilizada
uma abordagem funcional que aborda as caracteristicas morfolégicas do fitoplancton
(Morpholgy-Based Functional Groups — MBFG). A técnica foi capaz de remover a
biomassa algal com adicdo do coagulante (Cloreto de PoliAluminio — PAC) mais lastro
(PAC+Planosso; PAC+Calcario Bege e PAC+Calcério Branco), e observamos seus
efeitos nos grupos funcionais. Os grupos com mecanismo de resisténcia a sedimentacdo
(MBFG VIII) ndo conseguiram sedimentar com o uso isolado do coagulante,
especialmente devido & presenca dos aerétopos. O grupo MBFG VI, devido a presenca
da bainha de mucilagem, ndo sedimentou, diferente do grupo MBFG IV, que por nédo
possuir caracteristicas especializadas sedimentaram com apenas o uso do coagulante. O
grupo MBFG V em contato apenas com o0 PAC aumentou e o grupo MBFG VI, apesar da
sua parede de silica, ndo apresentou diferencas estatisticas na remogdo do grupo. As
cloroficeas e criptoficeas (grupos MBFG IV e V) sdo consideradas alimentos de alta
qualidade, portanto, € importante observar a palatabilidade e o valor nutricional das
especies fitoplanctonicas, apds o ensaio do Floc & Sink, pois influencia diretamente no
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fluxo de energia para os demais niveis troficos. Portanto, os lastros naturais sdo capazes
de sedimentar a biomassa algal combinados com coagulantes e podem ser utilizados como
alternativa aos produtos comerciais de valores elevados. O terceiro capitulo teve por
objetivo testar a eficiéncia da técnica Floc & Lock no controle da eutrofizacao de dgua de
reservatorio da regido semidrida, através da reducdo da liberacdo de fésforo e remocgéo da
biomassa algal por meio da combinacdo PAC, Bentonita Modificada com Lantanio
(BML) e um material rico em célcio. Nossos resultados mostraram que a técnica Floc &
Lock reduziu a liberagdo do fdésforo no sedimento, e removeu a biomassa algal por
sedimentacdo algal, entretanto a técnica ndo limitou o crescimento fitoplanctonico, ja que
0 grupo controle apresentou reducGes nos valores de clorofila-a. O tratamento
PAC+BML+Calcério Bege foi tdo eficaz quanto a utilizacdo sozinha da BML e a
combinacdo do PAC+BML, sendo o calcario bege um material adsorvente promissor para
o0 capeamento do sedimento, como sendo uma alternativa econémica e mais sustentavel
para o controle da eutrofizacdo. Nosso estudo demonstrou que as técnicas de controle da
eutrofizacdo podem afetar o plancton de diferentes formas, a depender da técnica, do seu
principio e do produto. No caso do fitoplancton, organismos com mecanismos de
resisténcia a sedimentacdo podem prejudicar a eficacia do Floc & Sink. Além disso,
recomendamos o uso de lastros naturais na técnica Floc & Sink e da combinacdo do
calcario bege com a BML e com o PAC. Logo, materiais naturais podem ser uma
alternativa a produtos comerciais com a mesma eficiéncia e mais viaveis
economicamente.

Palavras-chave: cianobactérias; fitoplancton, Floc & Sink; Floc & Lock; mitigac&o;
zooplancton.
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ABSTRACT

Geoengineering comprises chemical techniques to mitigate eutrophication, which aim to
manipulate the biogeochemical cycle of phosphorus. The Floc & Sink and Floc & Lock
techniques form geoengineering and have been extensively studied regarding their effects
on water quality, however, there are few studies on the effects of these techniques on
planktonic organisms (phytoplankton and zooplankton). Therefore, the general objective
of this thesis was to analyze the responses of the planktonic community to chemical
techniques for mitigating eutrophication, evaluating their efficiency in spring waters in
the tropical semi-arid region. The first chapter aimed to carry out a scientometric analysis
of the literature to observe the effect of chemical and physical techniques for controlling
eutrophication on planktonic organisms in eutrophic environments, evaluating
bibliometric production and determining existing knowledge gaps. The results showed
that these techniques have been extensively studied and there has been more interest in
them over the years. Despite this, few studies focus on the effects of the techniques on
plankton. The effects of the technique on other phytoplankton groups, in addition to
cyanobacteria and zooplankton, are poorly addressed and it is still unclear how these
techniques act on these organisms, which is one of the gaps found in the first chapter.
Furthermore, studies that observe the effects over time, showing the succession of the
planktonic community and in mesocosms are a minority and, also need to be analyzed.
Overall, all chemical techniques removed the biomass or biovolume of cyanobacteria.
Unlike physical techniques that had conflicting results, with inconclusive results. The few
studies following the application of the technique show positive effects on phytoplankton
diversity after Floc & Sink and an increase in richness after Floc & Lock and aeration.
All techniques negatively affected zooplankton, decreasing the biomass, survival or
abundance of these organisms. Given this, some of these gaps sought to be answered in
the following chapters, focused on the chemical technique of geoengineering, which has
been gaining prominence in scientific publications over the last decade. The technique
aims to manipulate the biogeochemical cycle of phosphorus (P), removing particulate P
(algal biomass) by sedimentation, and dissolved P from water by adsorption and sediment
capping. The technique uses a combination of coagulant and materials (natural or
modified) for sedimentation. Chapter two sought to analyze the effects on biomass and
phytoplankton composition, when applying the Floc & Sink (F&S) mitigation technique,
in eutrophicated waters from reservoirs in the tropical semi-arid region. For this objective,
a functional approach was used that addresses the morphological characteristics of
phytoplankton (Morpholgy-Based Functional Groups —-MBFG). The technique was able
to remove algal biomass with the addition of coagulant (PolyAluminum Chloride — PAC)
plus ballast (PAC+Planosso; PAC+Beige Limestone and PAC+White Limestone), and
we observed its effects on the functional groups. The groups with a sedimentation
resistance mechanism (MBFG VIII) were unable to sediment with the isolated use of the
coagulant, especially due to the presence of aerotopes. The MBFG VII group, due to the
presence of the mucilage sheath, did not sediment, unlike the MBFG IV group, which, as
it did not have specialized characteristics, sedimented with just the use of the coagulant.
The MBFG V group in contact only with the PAC increased and the MBFG VI group,
despite its silica wall, did not show statistical differences in the removal of the group.

15



Chlorophytes and cryptophytes (MBFG groups IV and V) are considered high quality
foods, therefore, it is important to observe the palatability and nutritional value of
phytoplankton species, after the Floc & Sink test, as it directly influences the flow of
energy to the other trophic levels. Therefore, natural ballasts are capable of ssinking algal
biomass combined with coagulants and can be used as an alternative to high-value
commercial products. The third chapter aimed to test the efficiency of the Floc & Lock
technique in controlling the eutrophication of reservoir water in the semi-arid region, by
reducing the release of phosphorus and removing algal biomass through the combination
of PAC, Lanthanum Modified Bentonite (LMB) and a material rich in calcium. Our study
demonstrated that eutrophication control techniques can affect plankton in different ways,
depending on the technique, its principle and the product. In the case of phytoplankton,
organisms with mechanisms of resistance to sedimentation can impair the effectiveness
of Floc & Sink. Furthermore, we recommend the use of natural ballasts using the Floc &
Sink technique and the combination of beige limestone with BML and PAC. Therefore,
natural materials can be an alternative to commercial products with the same efficiency
and more economically viable.

Keywords: cyanobacteria; phytoplankton, Floc & Sink; Floc & Lock; mitigation;
zooplankton.
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INTRODUCAO GERAL
Eutrofizacao e fertilizagdo interna

A perda da biodiversidade é um dos principais problemas ambientais do globo,
tendo como consequéncia a reducdo a eficiéncia das comunidades de capturar recursos,
produzir biomassa, decompor e reciclar nutrientes, afetando diretamente a estabilidade e
as funcbes dos ecossistemas (Cardinale et al., 2012; Johnson et al., 2017). Nos
ecossistemas aquaticos, a eutrofizacdo € uma das principais responsaveis da perda da
biodiversidade, afetando dos produtores primarios aos predadores de topo, e sendo uma
grave ameacga aos ecossistemas lacustres em todo o mundo (Dodds et al., 2009).

A eutrofizacdo é um processo natural que ocorre nos ecossistemas aquaticos, mas
que tem sido acelerado pelas atividades humanas (Le Moal et al., 2019). Este processo
consiste no aumento da produtividade primaria, através do enriquecimento excessivo de
nutrientes, principalmente fosforo (P) e nitrogénio (Paerl, 2006; Smith; Schindler, 2009).
As fontes desses nutrientes podem ser externas pontuais (LUrling; Waajen; De Senerpont
Domis, 2016), como esgoto doméstico, bem como de fontes externas difusas, como
agricultura e pecuéria (Le Moal et al., 2019). Além disso, ha a fonte interna de P, onde
hd a ciclagem desse nutriente dentro do lago e a liberacdo deste macronutriente
acumulado no sedimento (Lurling et al., 2016; Sondergaard; Jensen; Jeppesen, 2001).
Este processo € um dos responsaveis pela manutencdo dos sintomas da eutrofizacdo
qguando as fontes externas sdo reduzidas ou ausentes (Sondergaard; Jensen; Jeppesen,
2001).

Entre as principais consequéncias da eutrofizacdo encontram-se a proliferacéo de
algas, em especial as cianobactérias, alta turbidez, deplecdo de oxigénio dissolvido e
mortandade de peixes (Dodds et al., 2009; Paerl; Huisman, 2009; Schindler et al., 2008).
As cianobactérias sdo potencialmente produtoras cianotoxinas, que quando liberadas na
agua, sdo prejudiciais a saude humana e animal (Carmichael et al., 2001; Lurling;
Faassen, 2012). Logo, essa proliferacdo pode afetar o uso dos corpos hidricos, afetando a
utilizacdo para abastecimento humano, irrigacao, pesca e recreacdo, e consequentemente
resultando em perdas econémicas (Lurling et al., 2016; Smith; Schindler, 2009).

Essa liberacdo depende de algumas condicgdes, algumas variaveis importantes
nesse processo sao: oxigénio, pH e temperatura (Cavalcante et al., 2021; Sgndergaard,;

Jensen; Jeppesen, 2003; Sondergaard; Jensen; Jeppesen, 2001). Na presenca do oxigénio,
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o hidroxido de ferro 11l (Fe (OH)s3) precipita com o fosfato, imobilizando o fésforo e o
deixando-o indisponivel para ser assimilado pelos produtores priméarios (Amirbahman et
al., 2003). Ja em ambientes anoxicos, o Fe (OH)s € reduzido a Fe?*, e o P ¢ liberado na
coluna d’agua (Lake et al., 2007). Este processo é conhecido como a liberacdo classica
de fosforo. Além disso, a oxidagdo do sedimento pode impedir a dissolucdo de minerais
estaveis e bloquear a forca de troca de material sedimento-agua (Wu et al., 2014).

O pH também atua de forma direta no processo liberagcdo-sorcéo de fdésforo, pois
interfere nas propriedades de carga superficial nas particulas de sedimento (lllés;
Tombacz, 2006) e na quantidade de ions disponiveis na agua, geralmente ferro, aluminio
e célcio (Jiang et al., 2008). A liberagcdo de P dos sedimentos pode ocorrer tanto em
condi¢cdes de pH 4cidas, quanto em condicdes alcalinas: em pH’s elevados geralmente ha
a liberagcdo de fosforo ligado ao aluminio e também ao ferro, j& em pH’s acidos ha a
liberacdo do fosforo ligado ao célcio (Wu et al., 2014). Isso ocorre pois em pH’s alcalinos
havera a competigdo entre os ions hidroxila e os ions fosfato ligados a esses metais (Dong;
Yang; Liu, 2011), e em pH baixo geralmente ha a a dissolu¢do do célcio e da apatita, pois
0 OH" é um competidor mais forte do que o fosfato (Wang et al., 2015). Entretanto, em
pH’s alcalinos essa liberagdo ¢ potencializada e mais favoravel, logo ha maiores taxas de
liberacdo de fésforo (Cavalcante et al., 2021; Wu et al., 2014).

Por sua vez, a temperatura aumenta a taxa de difusdo do fésforo da &gua
intersticial para a agua sobrejacente (Cheng et al., 2020; Sgndergaard et al., 2007), acelera
0S processos quimicos, como o da mineralizagdo da matéria organica, liberando o fésforo
presente e aumentando o consumo de oxigénio (Jiang et al., 2008). Outros efeitos
possiveis da temperatura s&o: a influéncia na solubilidade do oxigénio, podendo alterar a
estratificacdo dos lagos e possibilitando condicGes de anoxia (Mosley, 2015) diminuindo
a camada superficial oxidada do sedimento e podendo induzir a liberacao classica de P
(Wu et al., 2014). Sendo assim, o0 aumento da temperatura aumenta as taxas de liberagao
de fosforo do sedimento para a coluna d’agua (Cavalcante et al., 2021; Cheng et al., 2020;
Wu et al., 2014).

No Brasil, e em especial no semiarido, muitos reservatérios usados para
abastecimento de agua sofrem com proliferacbes de cianobactérias (Amorim; Dantas;
Moura, 2020; Braga; Becker, 2020; Costa et al., 2009; Moura; Aragdo-Tavares; Amorim,

2018; Panosso et al., 2007; Soares et al., 2013). Os reservatorios do semiarido sdo
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ambientes naturalmente vulneraveis a eutrofizacdo devido ao alto tempo de residéncia da
agua, balanco hidrico negativo, volumes hidricos baixos, elevadas temperaturas,
intensificando o acimulo e a concentragdo de nutrientes, além de passarem por constantes
periodos de secas (Barbosa et al., 2012). Os eventos de seca tém intensificado os sintomas
da eutrofizacdo (Cortez et al., 2022; Rocha Junior et al., 2018; Santos; Silva; Becker,
2021; Wiegand et al., 2021), pois as secas levam a reducdo do nivel da agua, concentrando
nutrientes (Brasil et al., 2016; Costa; Attayde; Becker, 2016; Jeppesen et al., 2015) e
levando ao aumento da turbidez. As previsdes climaticas para a regido semiarida séo de
secas cada vez mais comuns e mais intensas (Painel Intergovernamental sobre Mudancas
Climaéticas, 2019; Marengo et al., 2009).

No semiérido, a fertilizacdo interna mantém a eutrofizacéo, ja que ndo ha entrada
externa de nutrientes durante o periodo de seca e a liberacdo do fosforo do sedimento se
torna a principal fonte (Cavalcante et al., 2021). Essa liberacdo pode ser potencializa no
semiarido devido as suas caracteristicas naturais como as altas temperaturas da regido e
pH alcalinos (Barbosa et al., 2012; Cavalcante et al., 2021).

Dessa forma, diante da problematica enfrentada pelos ecossistemas aquaticos
eutrofizados, em especial no semiarido, se faz necessario medidas de mitigacdo. Essas
medidas envolvem tanto cessar as fontes externas, quanto a fonte interna, pois nao levar
em consideracdo a carga interna do fosforo pode levar ao fracasso na mitigacdo da
eutrofizacdo de lagos. Logo, além de reduzir o aporte externo sdo necessarias agdes de
mitigacdo dentro do lago, para um controle eficaz da eutrofizacdo (Hilt et al., 2006;

Larling; Waajen; De Senerpont Domis, 2016).

Mitigacao da eutrofizacdo

Existem varias técnicas fisicas, quimicas e bioldgicas para controlar a eutrofizacdo
e acabar com a proliferacdo de cianobactérias (Jancula; Marsalek, 2011). As técnicas
fisicas também sdo chamadas de medidas de engenharia (Estrada; Di Maggio; Diaz, 2011)
e abrangem varios métodos, 0s mais comuns sdo aeracdo, dragagem e ultrassom. A
aeracdo tem por objetivo injetar oxigénio no sistema para auxiliar a decomposicéo da
matéria organica (Visser et al., 2016). Vérias formas de aeracdo sdo empregadas,
incluindo mistura artificial, aeragdo/oxigenacdo metalimnética e hipolimnética e aeracéo

de sedimentos (Cowell et al., 1987; Visser et al., 2016). A dragagem objetiva a retirada
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do sedimento superficial rico em fdésforo para controle da fertilizacdo interna, mas seus
efeitos demoram a ser percebidos (Jing et al., 2019; Lurling et al., 2017; Morgan; Rate;
Burton, 2012). No caso do ultrassom a ideia € concentrar a energia das ondas sonoras,
induzindo um processo denominado cavitacdo acustica, a técnica provoca ruptura de
vesiculas de gas, inibicdo da fotossintese e destruicdo de membranas celulares (Holm et
al., 2008; Jong Lee; Nakano; Matsumura, 2000; Rajasekhar et al., 2012).

As técnicas bioldgicas sdo muito estudadas, principalmente a biomanipulagéo
(Jeppesen et al., 2012). A biomanipulacdo pode ser feita atraves da inser¢cao ou remocao
de organismos, como peixes, macrofitas e macroinvertebrados com o intuito de
desencadear uma cascata trofica e diminuir a produtividade priméria (Pinto; Antunes,
2020). Efeitos Top down consistem no efeito de cima para baixo, ou seja, a insercdo de
organismos de topo de cadeia. Um exemplo € a insercdo dos peixes piscivoros (ou mesmo
a remocao dos peixes zooplanctivoros), que vdo diminuir a populacdo de peixes que se
alimentam de zooplancton, aumentando o numero de zooplancton de grande porte e seu
pastoreio no fitoplancton (Jeppesen et al., 2012). Os efeitos Botton up consistem nos
efeitos de baixo para cima da cadeia, um exemplo € a remocéo dos peixes bentivoros, que
por possuirem revolverem o sedimento liberam nutrientes, logo a sua remogao diminui a
liberacdo de P do sedimentos, controlando o crescimento fitoplancténico (Jeppesen et al.,
2012; Dantas et al., 2018; Araujo et al., 2015). Além disso, em algumas regifes existe
também a presenca dos peixes onivoros, que se alimentam de organismos em mais de um
nivel tréfico, como zooplancton e fitoplancton e perifiton (Gonzélez-Bergonzoni et al.,
2012). Assim, os peixes onivoros atuam de maneira dupla: reduzindo o fitoplancton, mas
também diminuindo a predacdo do zooplancton, tendo efeitos positivos ou negativos na
biomasa algal (\Vadeboucoeur et al., 2005; Attayde et al., 2010; Menezes et al., 2010).

As técnicas quimicas envolvem em sua maioria 0 uso de algicidas ou a
manipulacdo do ciclo biogeoquimico do P (Alvarez-Manzaneda; De Vicente, 2017;
Ldrling; Waajen; De Senerpont Domis, 2016; Noyma et al., 2016). O uso de algicidas
para remover cianobactérias tem sido empregado ha muito tempo (Jancula e Marséalek
2011), e sua eficacia para remover biomassa e biovolume de cianobactérias foi
comprovada (Bauza et al. 2014; Lirling; Tolman, 2014; Shen et al. 2014; Lurling;
Tolman, 2014; Shen et al. .2019). Entretanto, a técnica pode promover a liberacdo de

20



cianotoxinas ao danificar as paredes celulares (Barrington; Reichwaldt; Ghadouani, 2013;
Bauza et al., 2014; Coloma et al., 2017; Jancula; Marsalek, 2011; Merel et al., 2013).

A geoengenharia tem ganhado destaque nos ultimos anos e € uma técnica quimica
que tem por objetivo manipular o ciclo biogeoquimico do fosforo, sendo uma técnica de
controle bottom-up (Lirling et al., 2016; Lirling; Mucci, 2020). Essa técnica traz como
principio, promover uma rapida recuperacdo do ecossistema aquatico, controlando as
floracBes de cianobactérias em curto prazo (Spears et al., 2014; Douglas et al., 2016;
Lurling et al., 2016). Dentro da geoengenharia existem duas metodologias (Lurling et al.,
2016; Lirling; Mucci, 2020): o Floc & Sink (Noyma et al., 2016; 2017) e o Floc & Lock
(Larling; Oosterhout, 2013). A técnica Floc & Sink tem como objetivo remover o fésforo
particulado (biomassa algal). O uso de um coagulante desestabiliza as particulas
suspensas na agua, promovendo a formacdo de flocos e, que serd associado ao uso de
lastros para auxiliar na sedimentacdo, aumentando o peso destes flocos formados (Pan;
Chen; Anderson, 2011). No Floc & Lock, além das etapas de floculacdo e sedimentagdo
da biomassa algal, é feita a inativacdo do fosforo no sedimento, através do uso
adsorventes (em substituicdo aos lastros) que se ligam ao fosfato, bloqueando o seu

retorno para a coluna d’agua (Lurling et al., 2016).

Geoengenharia e produtos

As técnicas de Floc & Sink (F&S) e o Floc & Lock (F&L) geralmente utilizam a
combinacdo de coagulante (para o processo de floculacdo) e materiais (naturais ou
modificadas) como lastro e/ou adsorvente, para sedimentacdo e/ou adsorcdo,
respectivamente (Lurling et al., 2020). Desta forma, o objetivo é depositar a biomassa
intacta no fundo dos reservatérios sem causar a lise celular e de forma que fésforo
permaneca ligado ao P, ndo estando mais biodisponivel (Lucena-Silva et al., 2019;
Noyma et al., 2016, 2017).

Dentre os coagulantes, os mais usados séo a base de aluminio, como por exemplo,
0 Cloreto de PoliAluminio (PAC). O PAC é muito utilizado nos experimentos e
aplicacdes reais de Floc & Sink e Floc & Lock devido a sua alta eficiéncia em uma dose
baixa e em uma ampla variedade de condic¢Bes (Aradjo et al., 2018a; Cavalcante et al.,
2022; Drummond et al., 2022; Lurling; Oosterhout, 2013b; Miranda et al., 2017; Noyma
et al., 2016; Song et al., 2021). O PAC é um polimero catiénico pré-polimerizado e
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inorgénico, contendo ions de aluminio que por sua vez sdo carregados positivamente e
fornecem uma eficiéncia elevada de coagulacao (Zarchi et al., 2013). Esse coagulante é
um composto metalico, que tem uma eficiéncia alta na reducao da turbidez, além de agir
bem, geralmente até um pH de 8 (Araujo et al., 2018a; Habtemariam et al., 2021).

Comparado a outros coagulantes quimicos a base de aluminio e ferro, o PAC, tem
outras vantagens: reduz menos o pH, consegue boa eficiéncia em doses baixas e ndo causa
lise celular (Julio et al., 2010; Lucena-Silva et al., 2019; Miranda et al., 2017). Além
disso, o Cloreto de PoliAluminio também possui uma capacidade, mesmo que pequena,
de sorcdo de P (Drabkova; Admiraal; Marsalek, 2007; Lopata et al., 2013). Ainda, a
utilizacdo de PAC deixa menos aluminio residual, e em pH neutro ou em &guas com boa
capacidade de tamponamento, é um método seguro e nenhum dano grave ao meio
ambiente foi encontrado, apenas em pH abaixo de 5,5, onde o aluminio € soltvel e,
portanto, toxico para a biota aquéatica (Jancula; Marsalek, 2011).

Com relagdo aos adsorventes (que também atuam como lastros, auxiliando o
processo de sedimentacdo dos flocos), eles podem ser classificados em quatro grandes
grupos, de acordo com o tipo de material: minerais, solos ou particulas que ocorrem
naturalmente; materiais produzidos sinteticamente; argilominerais ou solos modificados;
e produtos de mineracgéo, processamento mineral e subprodutos industriais (Douglas et
al., 2016). Os diversos adsorventes possuem uma ampla gama de capacidades de adsor¢éo
de P, variando de menos de 1mg P g até mais de 100 mg P g (Lirling et al., 2016).

Um dos materiais adsorventes mais utilizados e estudado é a bentonita modificada
com lanténio (BML), com nome comercial Phoslock® (Douglas et al., 2016). A bentonita
modificada com lantanio foi desenvolvida pela CSIRO Austrélia para remover P
dissolvido e particulado da coluna de a4gua e formar uma camada reativa no fundo para
interceptar e se ligar ao fosforo liberado do sedimento (Douglas, 2002). A BML é
formada pela montmorilonita, um mineral de cargas negativas, adicionado de lantanio
incorporado na sua estrutura, que se liga ao fosfato por meio da troca cationica (Lurling;
Waajen; Van Oosterhout, 2014; Reitzel; Balslev; Jensen, 2017). O fosfato precipita com
o lanténio, formando o rabdofano que é considerado um elemento estavel (Haghseresht;
Wang; Do, 2009; Spears et al., 2013), e posteriormente se transforma em monazita
(Dithmer et al., 2016).
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A BML pode ser utilizada juntamente com coagulantes e seus efeitos combinados
comprovam que essa adi¢cdo aumentou a sedimentacgéo das algas, diminuiu a concentragéo
de fosfato na coluna d’agua e impediu a liberagdo de P do sedimento (Araujo et al., 2018b;
Larling; Oosterhout, 2013b; Miranda et al., 2017). Mesmo com as comprovacdes de sua
alta eficiéncia, o uso da bentonita modificada se torna dificil em escala real em paises
subdesenvolvidos por ser um produto caro (Mucci et al., 2018). Dessa forma, materiais
naturais tém sido testados como alternativa a BML e se mostrado promissores na
mitigacdo dos ecossistemas aquaticos, removendo floracbes de cianobactérias e
adsorvendo o fosforo (De Magalhdes et al., 2017; Miranda et al., 2017; Monicelli et al.,
2021; Mucci et al., 2018; Noyma et al., 2016).

Dentre os materiais naturais mais estudados estdo os solos, as bauxitas e as zeolitas
que estdo nas proximidades dos corpos hidricos, por serem materiais que ocorrem
amplamente, de facil coleta e baixo custo de transporte (Douglas et al., 2016). Os
adsorventes de P com maiores capacidades de adsorcdo sdo geralmente a base de Ca, Fe
e/ou Al (Douglas et al., 2016). Por isso, materiais a base de calcio se mostram
promissores, como calcarios, carbonatos e calcarios dolomiticos que tem sido usados para
adsorcdo de P em aguas naturais e residudrias (Douglas et al., 2016; Han et al., 2022; Lu
et al., 2023; Wu et al., 2022; Xu et al., 2022). Essa aplicacdo de adsorventes de Ca?* é
mais bem sucedida quando os lagos possuem agua com alta alcalinidade e alto pH, pois
é quando os compostos precipitados de fosfato e calcio sdo mais estaveis (Llrling et al.,
2016).

A escolha do coagulante e do lastro deve ser baseada na seguranca, custos,
disponibilidade e eficacia (Lurling et al., 2020). Logo, para atestar a utilizacdo dos
materiais adsorventes é necessario: testar a sua eficiéncia em condi¢cdes ambientais
realistas e condizentes com os ambientes aquaticos; observar o seu custo-beneficio, pois
mesmo que um solo natural ndo tenha a mesma eficiéncia que materiais modificados, ele
ainda pode ser uma alternativa viavel; e testar a sua seguridade, uma vez que o material
ndo deve causar nenhum efeito indesejado nos organismos aquaticos (Douglas et al.,
2016; Mucci et al., 2018). A toxicidade desses materiais depende de sua composi¢ao
quimica e origem e a abordagem mais adequada seria realizar testes usando agua e biota
coletados do sistema de destino para destacar possiveis efeitos colaterais (Copetti et al.,

2015; Douglas et al., 2016). Ensaios laboratoriais sdo, portanto, um pré-requisito antes
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da aplicacdo em campo, e 0 primeiro passo sera demonstrar eficacia e seguranca sob
condicBes controladas em laborat6rio, como experimentos para produzir isotermas de
sorcdo (Spears et al., 2013). Apos isso, testar em laboratdrio os adsorventes em condicdes
realistas, analisando as suas interacGes fisico-quimicas, e posteriormente passando para
experimentos maiores em escala de campo e por fim em escala de ecossistema (Lurling
et al., 2016; Mucci et al., 2018).

Vaérios fatores podem afetar a capacidade de sorcdo dos adsorventes, sejam eles
naturais ou modificados. Alguns desses fatores sdo: substancias humicas, pH e
alcalinidade (Lurling; Waajen; Van Oosterhout, 2014; Monicelli et al., 2021; Mucci et
al., 2018; Reitzel; Balslev; Jensen, 2017; Ross; Haghseresht; Cloete, 2008). As
substancias humicas geralmente possuem concentracdes mais elevadas em ambientes
eutroficos (Ekvall et al., 2013). Por sua vez, elas podem interferir no processo de adsor¢édo
de fosforo, diminuindo o potencial de adsor¢do (LUrling; Waajen; Van Oosterhout, 2014;
Reitzel; Balslev; Jensen, 2017) e interferindo da técnica do Floc & Lock. Experimentos
de curto e longo prazo comprovaram menor remocdo de fdésforo na presenca de
substancias humicas na agua e nos adsorventes (Monicelli et al., 2021; Lurling et al.,
2014). Isso ocorre, pois as substancias humicas possuem predominancia de cargas
negativas, que formam complexos se ligando as cargas positivas presentes no adsorvente,
dificultando fisicamente a precipitacdo dos compostos com o P (Lirling; Waajen; Van
Oosterhout, 2014). Por isso, as substancias himicas sao uma variavel importante durante
0 processo de inativacdo do fésforo na dgua e no sedimento, diminuindo a capacidade de
sor¢do do material, podendo levar a necessidade maiores dosagens de adsorventes
(Ldrling; Waajen; Van Oosterhout, 2014; Reitzel; Balslev; Jensen, 2017).

O pH também esta ligado ao sucesso ou fracasso da inativacao do fosforo. Em um
pH mais elevado ha a presenca de mais grupos carregados negativamente, pois havera
mais perda dos ions H* (desprotonacdo), que contribuirdo com cargas negativas para o
meio e também para a carga negativa geral dos adsorventes (Schlesinger; Bernhardt,
2013; Reitzel et al., 2017). Logo, em pH mais elevados a técnica tende a ser menos
eficiente, pois ha a troca de 1 PO4>~ por 3 OH™ (Mucci et al., 2018; Ross; Haghseresht;
Cloete, 2008; Steinberg, 2011). A BML, por exemplo, apesar de remover fosfato em uma
faixa de pH de 5 a 9, é mais eficaz na remocdo de fosforo da agua em valores de pH entre

5 e 7, 0 que pode ser atribuido a precipitacdo dos hidroxidos de lantanio (Ross;
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Haghseresht; Cloete, 2008). O mesmo ocorre com 0 solo vermelho do Brasil que
apresenta maior de adsorcéo de fosforo sob condi¢des de pH mais baixo e uma diminuicéo
da sor¢do com um aumento do pH (Mucci et al., 2018). Isso ocorre, pois acima de pH 8
ha o aumento a concentracdo de ions hidroxila na solugdo pela transferéncia de H* da
argila para a 4gua, promovendo o desenvolvimento de cargas negativas na superficie do
adsorvente, e consequentemente uma maior repulsdo e competicdo entre fosfato e
hidroxila pelos sitios de ligacao (Dai; Pan, 2014; Mucci et al., 2018; Ross; Haghseresht;
Cloete, 2008).

Em lagos de agua dura, o pH é alto e a condutividade também, possuindo
geralmente mais Ca?* (Reitzel; Balslev; Jensen, 2017). A alcalinidade interfere na eficacia
da técnica através de outros oxianions que competem com o fosfato pelos sitios de ligacédo
no adsorvente (Reitzel et al., 2013; Copetti et al., 2016). Entretanto, quando héa altas
concentragdes de susbtancias hiimicas e alta alcanilidade, os fons Ca®* reduzem as cargas
negativas, podendo fazer com que ions positivos se complexem com as substancias
himicas, diminuindo assim a inibicdo ocasionada pelas mesmas, reduzindo o efeito das

substancias himicas sobre a técnica (Dithmer et al., 2016; Reitzel et al., 2017).

Efeitos da geoengenharia no plancton

A comunidade plancténica € formada pelo picoplancton autotétréfico e
heterotréfico (virioplancton e bacterioplancton), fitoplancton, zooplancton (herbivoros) e
ictioplancton (ovos, larvas, pos-larvas e juvenis de peixes) (Pereira; Soares-Gomes,
2002). Essa comunidade apresenta organismos gque possuem locomocdo limitada e que
sdo transportados pelo movimento da dgua. O plancton é de vital importancia em toda a
cadeia aquatica, pois é responsavel pela transferéncia de energia e matéria para niveis
troficos superiores e também atuam diretamente no ciclo dos nutrientes (Pereira; Soares-
Gomes, 2002; Reynolds, 2006). Além disso, os organismos plancténicos podem
responder, em um curto periodo de tempo, a mudancas na qualidade da agua, podendo
ser considerados bioindicadores (Richardson, 2008; Suthers; Rissik, 2009).

As comunidades mais estudadas geralmente sdo o fitoplancton e o zooplancton. O
fitoplancton é grupo de organismos, em sua maioria, fotossintetizantes que possuem
diferentes estratégias adaptativas para seu crescimento, sobrevivéncia e reproducéo no

ecossistema aquatico (Reynolds, 2006). Por serem fotossintetizantes dependem da
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captacdo de luz e por isso, junto as macrofitas e perifiton, sustentam a base da cadeia
tréfica aquética, sendo os produtores primarios (Reynolds, 2006).

O zooplancton compde um elo importante da cadeia tréfica e pode ser utilizado
como bioindicador de ambientes eutrofizados, pois algumas espécies apresentam alta
sensibilidade as mudangas ambientais (Dantas-Silva; Dantas, 2013; Jeppesen et al.,
2011). A comunidade zooplanctdnica é afetada pelas mudancas no estado trofico, pois
em ambientes eutrofizados ha a substituicdo do fitoplancton palatdvel (como por
exemplo, algas verdes e criptoficeas, com alto valor nutricional), por impalataveis, como
as cianobactérias, nutricionalmente pobres e dificeis de serem ingeridas pelo seu grande
tamanho e producéo de toxinas (Ger et al., 2016; Kruk et al., 2016; Rangel et al., 2020).
A comunidade zooplancténica compreende a um elo importante entre a producdo
primaria e os niveis troficos seguintes, portanto qualquer efeito em sua dindmica
populacional pode afetar organismos em niveis troficos mais baixos e mais altos (Van
Oosterhout; Lurling, 2013).

As técnicas de mitigacdo da eutrofizacdo visam reduzir a biomassa de
cianobactérias através da floculacdo e sedimentacdo, associados ou ndo a limitacdo do
crescimento por P (Lurling et al.,, 2016, 2020). No entanto, outros organismos
planctdnicos sdo afetados pelo Floc & Sink e pelo Floc & Lock. Os impactos e as respostas
no plancton ainda ndo sé&o bem compreendidos, pois ndo existem muitos estudos sobre a
geoengenharia abordando essa tematica.

Mesmo sendo o foco da técnica, o conhecimento sobre seus efeitos no fitoplancton
é limitado, principalmente fora do grupo das cianobactérias (Peng et al., 2019). Apesar
de tanto as cianobactérias quanto os demais grupos poderem sedimentar apés a aplicacao
da técnica. Entretanto, as microalgas eucariontes geralmente possuem maior valor
nutricional para o zooplancton e sua sedimentacdo pode causar impactos na teia trofica,
por isso estudos para determinar os efeitos da geoengenharia na remoc¢do de espécies
importantes na dieta do zooplancton séo apontados como necessarios (Lucena-Silva et
al., 2022), observando também seus efeitos na comunidade ao longo do tempo.

A eficiéncia da geoengenharia pode depender da espécie dominante de
cianobactéria presente no corpo hidrico (Miranda et al., 2017). As espécies de
fitoplancton podem determinar o tamanho do floco, espécies filamentosas podem gerar

flocos maiores do que coloniais (Gonzalez-Torres; Pivokonsky; Henderson, 2019). Além
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disso, as diferentes caracteristicas das espécies e grupos, como mecanismos de resisténcia
a sedimentacdo (presenca de aerdtopos, bainha de mucilagem, flagelos, entre outros), que
regulam a posicdo desses organismos na coluna de agua (Padisak; Sordczki-Pintér;
Rezner, 2003), podem atrapalhar a eficacia da técnica (Lucena-Silva et al., 2022; Miranda
etal., 2017).

Por essa razdo, uma avaliagdo utilizando abordagens morfo-funcionanis podem
fornecer informac6es sobre a previsibilidade de espécies de fitoplancton mais suscetiveis
ou resistentes a remocao da coluna d'agua por sedimentacéo, principalmente quando se
utilizam produtos para controle da eutrofizacdo como a técnica Floc & Sink (F&S)
(Lucena-Silva et al., 2022). A abordagem de agrupamentos funcionais baseados em
critérios morfoldgicos e funcionais mensuraveis tem sido amplamente utilizada para
explicar e prever as respostas do fitoplancton as mudancas ambientais, como alteracdes
do estado tréfico e mudangas climéticas (Kruk et al., 2010; lzaguirre et al., 2012;
Reynolds et al., 2014; Rangel et al., 2016; Segura et al., 2018; Vanderley et al., 2022). O
sistema de classificacdo de Kruk et al. (2010), Grupos Funcionais Baseados em
Morfologia (MBFG), foi formulado com base em caracteristicas morfologicas como
formato e tamanho celular, presenca de mucilagem, flagelos, vesiculas de gas e
exoesqueleto de silica.

Os organismos flagelados podem evitar a floculacdo, devido a sua capacidade de
locomocdo, nadando para fora dos flocos (Pieterse; Cloot, 1997), sendo a motilidade um
fator importante que afeta a mitigacéo da floracdo por floculacdo de argila (Lucena-Silva
et al., 2022). No caso das diatoméaceas, a sua principal caracteristica € uma estrutura de
silica rigida, fazendo com que essa alga tenha alta densidade e tendo sedimentacdo natural
favorecida (Padisak; Sordczki-Pintér; Rezner, 2003; Reynolds, 2006).

A morfologia das cianobactérias também pode influenciar na eficacia da
sedimentacdo, mas ainda ndo ha um consenso. Col6nias de Microcystis aeruginosa
podem ser mais dificeis de sedimentar do que filamentos de Raphidiopsis raciborkii
(Miranda et al., 2017), porém, colénias menores como Aphanocapsa delicatissima,
Merismopedia glauca e Merismopedia tenuissima podem ser removidas mais facilmente
do que grandes cianobactérias filamentosas (Lucena-Silva et al., 2019). A mucilagem

parece ser um auxiliar de flutuacdo, mas os mecanismos nédo séo claros, pois, por um lado,
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diminui a densidade do organismo, mas, por outro, aumenta seu tamanho (Padisék;
Soréczki-Pintér; Rezner, 2003).

No caso do Floc & Lock, o objetivo é combinar a remocéao da biomassa algal com
a limitacdo do fosforo, seja reduzindo diretamente na coluna de &gua ou atraves do
capeamento do sedimento, impedindo a liberacdo de P (Douglas et al., 2016; Lurling;
Mucci, 2020). A reducéo da biodisponibilidade de P deve chegar a um ponto em que
limite o crescimento de algas, especialmente das cianobactérias (Douglas et al., 2016;
Waajen et al., 2016). A técnica de maneira geral se mostra eficaz na reducdo na
proliferacdo de cianobactérias pela limitacdo do fosforo (Lang et al., 2016; Lurling;
Oosterhout, 2013; Tang et al., 2018; Wang et al., 2016). Em seguida, é esperado que
acontecam mudancas na comunidade fitoplanctonica, diminuindo a dominancia e a
biomassa de cianobactérias em relacdo a outras espécies, resultando em uma comunidade
de algas mais diversa (Lang et al., 2016; Lurling et al., 2016).

No caso do zooplancton, as técnicas Floc & Sink e Floc & lock também podem
afetar direta ou indiretamente os organismos, sendo um efeito ndo esperado da técnica em
organismos ndo-alvo. Esse efeito pode variar de acordo com a maneira COmo esses
animais se alimentam. Como efeito direto, os filtradores, por exemplo, podem acabar
ingerindo as particulas de lastro através dos seus filtros, sendo provavelmente os mais
afetados tendo seus aparatos filtradores entupidos, especialmente os cladéceros (Van
Oosterhout; Larling, 2011) e os rotiferos (Van Oosterhout; Lirling, 2013). Os nao-
filtradores, como os copépodos, apesar de serem mais seletivos (Ger et al., 2010; Ger;
Panosso, 2011), também podem se alimentar dessas particulas por ndo conseguirem
discernir entre o fitoplancton e a argila ou se alimentar das particulas de lastro devido a
sua floculacdo juntamente das algas (Leoni et al., 2007). Logo, as argilas suspensas
podem afetar a sobrevivéncia e crescimento do zooplancton, por interferir nas suas
atividades de alimentacdo (Robinson; Apper; Laine, 2010; Van Oosterhout; Ldrling,
2011, 2013), especialmente nos primeiros apds a aplicacdo da técnica pois, a turbidez
aumenta incialmente devido a aplica¢do dos produtos (Van Oosterhout; Lurling, 2013).
Além disso, pode ocorrer a co-precipitacdo dos organismos com as algas (Schumaker et
al., 1993; Leoni et al., 2007).

Como efeito indireto, ao alterar a comunidade fitoplanctdnica a técnica altera

também a qualidade e quantidade dos recursos alimentares, o que pode limitar o
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crescimento do zooplancton (Spencer; Yeung; Greene, 1983) ou causar efeitos positivos
ao disponibilizar melhor alimento. A palatabilidade e estratégia nutricional das espécies
fitoplanctonicas influenciam diretamente no fluxo de energia para os demais niveis
troficos (Sterner; Elser, 2002; Ger et al., 2016). Em resumo, os efeitos sobre o
zooplancton podem ser explicados pela adesao das particulas ao seu aparelho de filtracao,
bem como pela captura dos organismos nos flocos ou pela falta de alimento (Jancula;
Marsalek, 2011). Existe uma necessidade mais pesquisas para determinar os efeitos da
remocao de espécies essenciais na dieta de herbivoros, bem como os efeitos que isso pode
causar na teia tréfica e na dindmica do ecossistema aquatico (Lucena-Silva et al., 2022).
Sendo assim, a avaliacdo do impacto das técnicas de mitigacdo no zooplancton é

importante durante a conducao do planejamento de protecdo ambiental (Ni et al., 2010).

Mudancas climéticas e semiarido

A dominéncia das cianobactérias na comunidade fitoplancténica tem sido
amplamente associada ao aquecimento climético (Paerl & Paul, 2012; Bonilla et al.,
2023). Eventos extremos, sejam secas ou chuvas intensas, geram impactos negativos na
biodiversidade aquatica e sdo direcionadores da estrutura e dinamica fitoplanctonica
(Huszar; Reynolds, 1997; Nobre et al., 2020). As mudancas climéticas sdo responsaveis
pelas mudancas nos padrdes de precipitacdo, temperatura e velocidade do vento,
alterando a magnitude e a frequéncia dos eventos extremos (Meerhoff et al., 2022).

As secas intensificam a concentracdo de nutrientes (Cortez et al., 2022; Santos;
Silva; Becker, 2021), pois com a diminui¢do da precipitacdo e o aumento do tempo de
residéncia ha a diminuicdo do volume, que como consequéncia ira diminuir a
transparéncia, concentrar nutrientes e, portanto, modificando o habitat (Brasil et al., 2016;
Costa; Attayde; Becker, 2016; Jeppesen et al., 2015). Assim, as mudancas na precipitacdo
e nos regimes hidrolégicos, previstos para o futuro de acordo pelo Painel Internacional
de Mudancas Climaticas (IPCC, 2019), podem afetar a dinamica e o comportamento dos
organismos fitoplancténicos, promovendo eventos de floragbes de cianobactérias
(Bonilla et al., 2023; Jeppesen et al., 2015; Meerhoff et al., 2022).

As secas serdo cada vez mais comuns e mais intensas, especialmente na regidao
semiarida (IPCC, 2019; Marengo et al., 2009). Por sua vez, os lagos do semiarido ja séo

ambientes naturalmente vulneraveis a eutrofizagdo devido ao alto tempo de residéncia da
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agua, balanco hidrico negativo, volumes hidricos baixos e elevadas temperaturas,
intensificando o acimulo e a concentracdo de nutrientes (Barbosa et al., 2012). Além
disso, os ambientes semiaridos passam por constantes periodos de secas (Barbosa et al.,
2012), que tém intensificado os sintomas da eutrofizacdo (Cortez et al., 2022; Santos;
Silva; Becker, 2021; Wiegand et al., 2021). A elevada turbidez no ambiente eutréfico
pode levar a substituicdo de grupos do fitoplancton que necessitam de alta quantidade de
luz, como as algas verdes (Cloroficeas), por cianobactérias, as quais algumas espécies
podem ser favorecidas por tolerarem baixa disponibilidade de luz (Braga; Becker, 2020;
Yang et al., 2016).

Nas regifes semiaridas, caracteristicas regionais como solos rasos e vegetacdo
esparsa, predominando a bioma caatiga (Oyama; Nobre, 2004; ANA, 2016). O clima
predominante na regido é quente, classificado como Bsh (Alvares et al., 2014). A estacio
chuvosa ocorre de fevereiro a junho, com maximos entre margo e abril e demais meses
marcados por escassez de chuva, a média pluviométrica anual varia 400-800mm
(Medeiros et al., 2015; ANA, 2016).

OBJETIVO GERAL
O objetivo geral desta tese foi analisar as respostas da comunidade plancténica
diante de técnicas quimicas de mitigacdo da eutrofizacdo, avaliando sua eficiéncia em
aguas de mananciais da regido semiarida tropical.
Objetivos especificos
i) Realizar uma analise cienciométrica da literatura para observar o efeito de técnicas
quimicas e fisicas de controle da eutrofizacdo em organismos planctonicos
(fitoplancton e zooplancton) em ambientes eutréficos, avaliando a producdo
bibliométrica, determinando as lacunas de conhecimento;
ii) Analisar os efeitos na biomassa e composicdo fitoplanctonica, ao aplicarmos a
técnica de mitigacdo Floc & Sink (F&S), em &guas eutrofizadas de reservatérios da
regido semiérida tropical,

iii) Avaliar a eficcia da técnica de mitigacdo Floc & Lock no controle da eutrofizagédo
(capeamento do sedimento e remocéo da biomassa algal).
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Resumo

As técnicas de controle da eutrofizacdo visam principalmente a reducdo da biomassa de
cianobactérias, no entanto, é crucial compreender os efeitos destas técnicas em
organismos plancténicos ndo alvo, uma vez que a dinamica e estrutura das comunidades
ainda ndo sdo bem compreendidas. Este estudo teve como objetivo realizar uma analise
cienciométrica da literatura para observar os efeitos das técnicas quimicas e fisicas de
controle da eutrofizacdo sobre organismos planctonicos em ambientes eutroficos.
Também teve como objetivo avaliar a producdo bibliométrica e determinar lacunas de
conhecimento. A reviséo foi realizada nas bases de dados Scopus e Web of Science. Os
artigos encontrados foram triados para que permanecessem apenas aqueles dentro do
nosso objetivo. A analise cienciométrica foi realizada com amostra final de 136 artigos.
As técnicas que continham maior niimero de estudos foram “Floc & Sink”, “Floc & Lock”
e aplicacdo de algicida, (métodos quimicos); aeracdo, dragagem e ultrassom (métodos
fisicos). Houve um aumento no numero de publicacBes de 1974 até julho de 2020,
principalmente sobre os efeitos nas cianobactérias. As lacunas encontradas foram estudos
sobre a comunidade zooplanctdnica e a sucessdo da comunidade plancténica, além de
experimentos de longo prazo. Todas as técnicas quimicas removem biomassa ou
biovolume de cianobactérias. Ao contrario da aeracdo, dragagem e ultrassom, que tiveram
resultados conflitantes sem resultados conclusivos. Os poucos estudos sobre a
comunidade plancténica mostram efeitos positivos na diversidade do fitoplancton ap6s a
técnica “Floc & Sink” e um aumento na riqueza ap6s “Floc & Lock” e aeragdo. Todas as
técnicas afetam negativamente o zooplancton, reduzindo a biomassa, a sobrevivéncia ou
a abundancia. No entanto, devido ao nimero limitado de estudos sobre o zooplancton, é
dificil retirar conclusdes definitivas sobre os impactos globais destas técnicas.

Palavras-chave: biomassa; cianobactéria; fitoplancton; zooplancton.

Abstract

The eutrophication control techniques primarily target the reduction of cyanobacterial
biomass, however, understanding the effects of these techniques on non-target planktonic
organisms is crucial, as their dynamics and community structure are still not well
understood. This study aimed to perform a scientometric analysis of the literature to

observe the effects of chemical and physical eutrophication control techniques on
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planktonic organisms in eutrophic environments. Also aimed to evaluate bibliometric
production and determine knowledge gaps. The review was carried out using the
databases of Scopus and Web of Science. The articles found were screened so that only
those within our objective remained. The scientometric analysis was carried out with a
final sample of 136 articles. The techniques that contained the largest number of studies
were “Floc & Sink”, “Floc & Lock”, and algaecide application, (chemicals methods);
aeration, dredging, and ultrasound (physical methods). There was an increase in the
number of publications from 1974 until July 2020, especially on cyanobacteria. The gaps
found were studies on the zooplankton population and plankton community succession,
and long-term experiments. All the chemical techniques remove cyanobacteria biomass
or biovolume. Unlike aeration, dredging, and ultrasound, which had conflicting results
without conclusive findings. The few studies about the plankton community show
positive effects on phytoplankton diversity after the “Floc & Sink” technique and an
increase in richness after “Floc & Lock™ and aeration. All the techniques negatively affect
zooplankton, reducing biomass, survival, or abundance. However, due to the limited
number of studies on zooplankton, it is difficult to draw definitive conclusions about the
overall impacts of these techniques.

Keywords: biomass; cyanobacteria; phytoplankton; zooplankton.

1. Introduction

The first step in controlling cyanobacterial blooms in eutrophic aquatic
ecosystems is to halt the input of nutrients from external point sources (Lirling et al.
2016a), such as domestic sewage, as well as from diffuse sources, such as agriculture and
livestock (Le Moal et al. 2019). However, even with this measure alone, the recovery of
some lakes would take decades due to the internal loading process (Cooke et al., 2005).
In addition to reducing the external nutrient input, additional mitigation actions within
the lake are necessary to effectively control eutrophication (Hilt et al. 2006; Lirling et al.
2016a).

There are several physical and chemical techniques available to control
eutrophication. These methods aim to rapidly reduce cyanobacterial blooms in a short
time, leading to improvements in water quality and ensuring access to water for drinking,

irrigation, industry, and recreation (Jancula and Marsalek 2011). These can be either
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palliative measures that address the consequences of eutrophication or focused on
controlling its source and underlying causes (Lurling and Mucci 2020).

Physical techniques, also known as engineering measures (Estrada et al. 2011),
encompass Vvarious methods such as aeration (surface aeration, metalimnion or
hypolimnion oxygenation/aeration), increased water flow, ultrasound, mechanical algae
removal, containment barriers, and sediment dredging (Jagtman et al. 1992; Chen et al.
2009; Visser et al. 2016; Norris and Laws 2017). Chemical control techniques involve
the addition of chemical compounds or manipulation of biogeochemical cycles, primarily
targeting phosphorus. These techniques include geo-engineering approaches (“Floc &
Sink”, “Floc & Lock™), algaecide application, and the use of magnetic particles (Lurling
etal. 2016a; Noyma et al. 2016; Alvarez-Manzaneda and de Vicente 2017; Miranda et al.
2017).

These mitigation techniques primarily target the reduction of cyanobacterial
biomass (Lurling et al. 2016a). However, it is important to consider the potential impact
on other planktonic groups (Bishop and Richardson 2018; Sinha et al. 2018). Lucena-
Silva et al. (2019) in their study showed that the group of chlorophytes was also affected
by the “Floc & Sink” mitigation technique. Alvarez-Manzaneda et al. (2019) showed that
different phosphorus adsorbents used in geoengineering technique can immobilize
physically and accumulate on the Daphnia. Thus, understanding the effects of these
techniques on non-target planktonic organisms is crucial, as their dynamics and
community structure are still not well understood.

The goal of this study was to perform a scientometric analysis of the literature
(1974 - 2020) to investigate how global scientific production has advanced in
understanding the effects of eutrophication control techniques, both chemical, and
physical, on planktonic organisms. Our study also aimed to find the main perspectives
and identify knowledge gaps in this field.

2. Methods

2.1. Data sources and search criteria

A survey of scientific articles was conducted using the Scopus and Web of Science
databases on July 6, 2020, considering the period between 1974 and 2020. The articles
were initially selected based on the following keywords: “restoration” OR “mitigation”

OR “control”, “eutrophication”, “plankton” OR “phytoplankton” OR “cyanobacteria” OR
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“algae” OR “zooplankton”, NOT “biomanipulation” OR “bioremediation”, NOT
“estuary”. In this study, biomanipulation studies will not be considered. We found 2542
articles after removing duplicated articles in both databases.

To be included in our study, the article needed to incorporate: a) at least one parameter
(eg. biomass, abundance, diversity) related to plankton and/or b) study at least one species
or planktonic group. Also, the articles were excluded based on the following criteria: a)
studies conducted in non-lentic freshwater environments, and b) non-experimental
studies, such as modeling. These inclusion and exclusion criteria were evaluated by
reading the title and abstract and then reading the full article (Figure 1). Following the

application of these criteria, a total of 136 articles were selected for the study.

Keywords criteria

Web of Science
2107 articles

Scopus
2592 articles

Exclusion of duplicates 12157 excluded |
2542 articles articles

Title and abstract assesment “"m‘\
402 articles | articles

Full text assesment 266 excluded ‘
136 articles (final sample) articles

™

Plankton focus; cultivated or
naturally; taxonomic group;
species; biomass; biovolume;
abundance; survival; population
growth; richness; diversity.

Keywords; year; journal;
climatic region; country;
scale; duration;
techniques.

Figure 1 Schematic methodology for research selection and screening of articles.

2.2. Data extraction
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Scientometric and plankton data were extracted from the final sample of 136 articles.
We organized the results according to two approaches: Scientometrics analysis and
Plankton analysis, as described below:

I. Scientometric analysis: keywords, year, and journal of publication, climatic region,
country, experimental design and duration of the study, and techniques analyzed. We
analyzed keywords, year, and journal of publication per number of articles (n = 136). The
other variables were analyzed by the number of results, therefore, there may be more than
one of these variables per article, for example, some articles tested more than one
technique, or more than one species, or on different scales, so the sample N changed for
each of the variables. The climatic region (n=164) and country (n=164) of the water body
or phytoplankton strain used. The experimental design (n=164) was classified as
microcosm (conducted in laboratory bottles up to 5L); mesocosm (carried out in bottles
larger than 5L and smaller than the whole lake, either in the laboratory or within the lake);
whole lake (when the technique was applied in full scale). The duration (n=164) of the
study was classified as short (<3 days), medium (between 3 days and 123 days), or long
(>123 days).

The techniques analyzed (n=145) in the study were divided into three categories:
physical, chemical, and combination (involving the use of multiple techniques regardless
of the approach). The specific techniques were classified (n=146), and for the analysis of
plankton data, the focus was placed on the six main techniques that were most frequently
studied, in other words, the techniques with the largest number of articles. These
techniques are: “Floc & Sink”, algaecide, “Floc & Lock”, aeration, dreading, and
ultrasound.

I1. Plankton analyses: The articles were categorized based on whether they focused
on phytoplankton, zooplankton, or both (n=136). Additionally, the classification of the
plankton was further specified as either cultivated in a laboratory setting or occurring
naturally (n=136). When available, taxonomic group (n=349) and species
(phytoplankton: n=198; zooplankton: n=36) information were recorded. The analyzed
plankton parameters related to the effects of the techniques included: biomass (n=194),
biovolume (n=88), abundance (n=196), survival (n=34), population growth rate (n=61),
richness (n=28), and diversity (n=29). The terminology used by the authors for each
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parameter was adopted, and no differentiation between methodologies was made for the
analysis of these parameters.

2.3. Data analyses

We used a linear regression model to analyze the temporal trend of scientific
articles on the subject. The response variable was the number of published articles and
the explanatory variable was the years (1974 to 2020). We checked the homoscedasticity
and normality assumptions of the data before doing the linear regression model. The
significance level considered was 0.5%. The linear regression model was performed using
RStudio 2023.4.3.0.

For the keywords analysis, the software VOSviewer (version 1.6.15) was utilized
to form clusters. The analysis included authors keywords that appeared at least 5 times in
the selected articles. The words in singular and plural forms were considered the same
(e.g., "cyanobacteria bloom" and "cyanobacteria blooms" "lakes" and "lake").
Additionally, terms with similar meanings were treated as equals, and the terms were
consolidated to a single word (e.g., "lake restoration™ was transformed into "restoration™).

The other variables (journal of publication, climatic region, country, experimental
design and duration of the study, and techniques analyzed) were described and analyzed
through graphs. All graphics, except for the keyword analysis, were created with the help
of the ggplot2 package (Wickham, 2016).

To analyze the parameters related to the effects of the techniques on the plankton,
we have grouped the results into three categories: increase, decrease, or no effect on the
parameters (biomass, biovolume, density, survival, population growth rate, richness, and
diversity). We calculated the percentage of each of these categories in relation to the total

results. Based on this percentage, the prevailing result, which is the majority, was utilized.

3. Results
3.1. Scientometric data
The number of scientific articles increased over the years (r2 = 0.54, P < 0.001)

(Fig. 2). Most studies have been carried out in the temperate region (64.24%) when
compared to tropical region (35.76%). The articles are distributed across 24 different
countries (Table 2, Supplementary Information). Most of the articles had their study site
in China (25), followed by the United States of America (17), the Netherlands (11), and
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Brazil (9). The three journals with the highest number of scientific articles were Water
Research (14), followed by Environmental Pollution (7), and Hydrobiologia (7) (Table 1,

Supplementary Information).

Y =-480 + 0.24x, R?2 =0.54, P < 0.001

Number of articles

1980 1990 2000 2010 2020
Years

Figure 2 Temporal trend of published scientific articles from 1974 to 2020. Data
for 2020 are incomplete due to the date the survey was carried out (July, 6).

The keyword cluster analysis showed four different clusters (Fig. 3). The three
main clusters words, "cyanobacteria”, "eutrophication”, and "restoration™, are related to
each other. Cluster I consists of 12 keywords, with "cyanobacteria" being the most cited
word (46 times), and it is linked to other keywords such as "Microcystis™. Cluster 1l
comprises 9 keywords, with "eutrophication™ being the main word (cited 71 times), which
is correlated with "phytoplankton™ and "zooplankton™ community structure (diversity and
biomass), and controlled studies. Cluster 111 includes 6 keywords, with "restoration™ being
cited 53 times, and it is related to "phosphorus” and chemical techniques, mainly
geoengineering products. Cluster IV consists of 5 keywords, with "Microcystis

aeruginosa" being used 28 times and linked to "microcystin™ and "hydrogen peroxide."
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water tegatment cyanobacteria bloom
hydrogen peroxide
chima chitesan
microgystin micri@gystis
growth microcystis aeruginosa

Figure 3 Keywords cluster analysis of the 136 selected scientific articles. The size
of the circles represents the number of articles that used the respective keyword, while
the width of the lines indicates the strength of the connection between the words.

The majority of the studies were carried out using a microcosm scale (55.1% of
the results), followed by whole lake experiments (28.7% of the results), and mesocosms
(16.2% of the results) (Fig. 4). The chemical techniques (algaecide application, “Floc &
Sink”, “Floc & Lock”) and the ultrasound technique are predominant in the short and
medium-term studies, while aeration and dredging in the long-term. When considering
their (Fig 5), most of them were medium-term, lasting between 4 days to 1 year (51.5%),
followed by short-term studies (26.5%), and long-term studies (22.0%). The “Floc &
Lock” was more evenly distributed across the study duration when compared to the other

techniques.
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Figure 4 Distribution of the numbers of results of the scientific articles by technique,
according to experimental design. AE=artificial aeration; AG=Algaecide; DD=Dredging;
FL= “Floc & Lock”; FS= “Floc & Sink’’; US= Ultrasound.
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Figure 5 Distribution of the numbers of results of the scientific articles by
technique, according to duration of the experiment. Short term = up to 3 days; Medium
term = between 3 days to 123 days; Long term = between 184 days to 24 years. d= day;
y=year; AE=artificial aeration; AG=Algaecide; DD=Dredging; FL= “Floc & Lock”; FS=
“Floc & Sink”’; US= Ultrasound.

A total of twenty-two different techniques were utilized in the studies, categorized
as isolated and combined (Fig. 6). The majority of the experiments employed a single
technique (Fig. 6a), with 62.7% of them classified as chemical techniques and 28.4% as
physical techniques. The six principal techniques were “Floc & Sink” (35), algaecide
application (33), and “Floc & Lock” (22) (chemicals techniques), followed by aeration
(11), dredging (8), and ultrasound (7) (physical techniques). Aeration is a broad term
encompassing artificial mixing, metalimnion or hypolimnion aeration, and sediment
aeration. Combined techniques accounted for 8.9% of the total (Fig. 6b), and in terms of
their  nature, they included physical+physical, chemical+chemical, and
physical+chemical combinations. The most frequent combination recorded was “Floc &

Lock” plus dredging.
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Figure 6 Distribution of the number of results per technique isolated (a) and combined
(b). AE=artificial aeration; AG=Algaecide; CB = contention barrier; DD=Dredging; ED
= electric discharge; FL= “Floc & Lock™; FS= “Floc & Sink”; LS=Light shading; MR =
mechanic.

3.2 Plankton data

Regarding the plankton data, 69.8% (n=94) of the results obtained from the
scientific articles focused solely on studying phytoplankton, while 24.3% (n=33)
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examined both phytoplankton and zooplankton. Only 6.6% (n=9) of the results
specifically focused on zooplankton.

The analysis of phytoplankton data revealed the predominant taxonomic groups
composition (Fig. 7a). Cyanobacteria accounted for 43.4% of the results (105), followed
by Chlorophyceae at 21.7% (51 results), Bacillariophyceae at 17.9% (42 results),
Cryptophyceae at 7.6% (18 results), Chrysophyceae at 5.1% (12 results), and
Euglenophyceae at 4.3% (10 results). The most frequently recorded genus was
Microcystis, which appeared in 59 results (28.2%). The dominant species within the
genus was Microcystis aeruginosa (Kitzing) Kutzing, followed by Planktothrix spp. and
Aphanizomenon spp. (Table 3; Supplementary Information).

The zooplankton data indicated a predominance of results related to Cladocera's
group (49.2%), followed by Rotifer (23.0%) and Copepod (27.8%) (Fig. 7b). Regarding
the most studied genera, Daphnia, presented the highest number of results (16 times),
especially the species Daphnia magna Straus, 1820, followed by Brachionus spp., and

Bosmina spp. (Supplementary Information, Table 4).
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Figure 7 Distribution of results of phytoplankton (a) and zooplankton (b) by main

taxonomic groups.

The most common metrics to measure the effect of techniques were biomass and
abundance. The “Floc & Sink” technique decreased phytoplankton biomass or
biovolume, abundance, population growth, number of cells, efficiency of photosystem I,
and survival (based on one result). Nevertheless, the technique led to an increase in
phytoplankton diversity. Similarly, the algaecide application exhibited a similar pattern
to “Floc & Sink™, except for survival, for which there was no available data, and richness,
for which no significant effect was observed (based on one result). The “Floc & Lock”
technique resulted in a decrease in phytoplankton biomass, abundance, survival, and
population growth, while it increased biovolume and richness (Fig. 8; Table 1).
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The aeration technique decreased phytoplankton population growth and number

of cells, while increasing abundance, richness, and diversity (based on one result).

However, aeration did not have any effect on the biovolume of phytoplankton. The

ultrasound technique resulted in a decrease in biomass, abundance (based on one result),

population growth, number of cells, and photosystem Il (based on one result for the last

two). Dredging had an impact on the biomass and abundance of phytoplankton, with a

recorded decline in these variables (Table 1).

“Floc & Sink”
s I
& Y e
“Floc & Lock”
":a.aﬂd-
8 Iy
e DDD
Algaecide
application i l w
Aeration

e

Ultrasound

Dredging

Figure 8 Effects of the main chemical and physical techniques on phytoplankton, in

different parameters. Biom = Biomass; Biovol = Biovolume; Pop = Population growth;

Abun = abundance; Surv = Survival; Diver = Diversity; Rich = Richness.
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Table 3 Summary of the effects of physical and chemical technigues on different parameters of phytoplankton. In parentheses is the number

of recorded results. DE= Decrease; IN=Increase; NE=No effect; (-) = Not Applicable; N= number of results; AG= Algaecide application;
AE= Aeration; DD= Dredging; FS = “Floc & Sink”; FL = “Floc & Lock”; LS = Light Shading; US= Ultrasound. In brackets the number of
results; the percentage.

Technique N° of Biomass Biovolume Abundance Survival Popgrowth Richness Diversity N°of cells
articles
“Floc & Sink” 33 DE DE DE DE DE - IN DE
(48; 65.7%) (12; 75.0%) (11;44.0%) (1;100%) (7;63.6%) (4; 100%) (36; 69.2%)
NE IN NE NE NE
(20; 27.3%)  (4; 25.0%)  (7; 28.0%) (2; 18.1%) (7; 13.4%)
IN IN IN IN
(5; 6.8%) (7; 28.0%) (2; 18.1%) (9; 17.3%)
Algaecide 32 DE DE DE - DE NE IN DE
application (22; 81.5%) (8;61.5%) (18;66.7%) (21;80.7%) (1;100%) (1;100%) (11;50%)
NE NE NE NE NE
(4;14.8%) (5; 38.5) (3; 11.1%) (5; 19.3%) (3; 13.6%)
IN IN IN
(1; 3.7%) (6; 22.2%) (8; 32.4%)
“Floc & Lock” 21 DE DE DE DE DE NE DE DE
(23;71.8%)  (6;42.8)  (28;43.1%) (3;100%) (2;100%) (2;40.0%) (4;100%) (1;33.3%)
NE IN NE IN NE
(1; 3.2%) (8;57.2%)  (13; 20.0%) (3; 60.0%) (2; 66.7%)
IN IN
(8; 25.0%) (24; 36.9%)
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Aeration DE DE DE - DE DE IN DE
(4;44.4%) (1;33.3%) (4; 33.3%) (3; 100%)  (1;20.0%) (1;100%) (4; 80.0%)
NE NE IN NE IN
(1;11.2%) (2;66.7%) (8; 66.7%) (1; 20.0%) (1; 20;0%)
IN IN
(4; 44.4%) (3; 60.0%)
Dredging DE DE DE - - - - -
(5; 62.5%) (2; 50%) (8; 80.0%)
NE IN IN
(3;37.5/%) (2;50.0%) (2; 20.0%)
Ultrasound DE DE DE - DE - - DE
(3; 100.0%) (3;50.0%)  (1;100%) (3; 60.0%) (1; 100%)
NE NE
(3; 50.0%) (2; 40.0%)
Mechanic DE DE IN - - - - -
Removal (2; 100%) (1; 100%)  (2; 33.3%)
DE
(1; 66.7%)
Ultraviolet DE - DE DE DE - - -
Radiation (1; 100%) (1; 100%)  (1;100%) (1;50.0%)
IN
(1; 50.0%)
Eletric - - DE DE DE - - -
discharge (1; 100%) (1; 100%) (1; 100%)
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Water flow - DE DE - - -
(2;22.2%)  (1; 100%)
IN
(7; 88.8%)
Light shading DE DE DE - - -
(2;66.7%)  (2; 100%) (2; 100%)
NE
(1; 33.3%)
Control N:P - IN - - - IN
ratio (4; 80.0%) (5; 100%)
DE
(1; 20.0%)
Contention IN - DE DE - -
barrier (1; 100%) (1;50.0%) (1; 100%)
IN
(1; 50.0%)
AG + FS or DE - - - - -
AG+LS (1; 100%)
AE+FL - - - - - IN
(1; 33.3%)
DE
(2; 66.7%)
AE+LS 2 DE - DE - - -
(3; 100%) (2; 100%)
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DD+AE NE - NE - -
(1; 100%) (4; 80.0%)
IN
(1; 20.0%)
FS+AE DE - IN - DE
(3; 100%) (1; 50.0%) (2; 100%)
DE
(1; 50.0%)
“Floc & lock™ + DE IN - - -
Dredging (2; 100%)  (3; 75.0%)
DE
(1; 25.0%)
US+AE DE - DE DE -
(1; 33.3%) (2; 66.7%) (2; 100%)
NE IN
(1; 33.3%) (1; 33.3%)
IN
(1; 33.3%)
US+FS DE - - - DE
(2; 100%) (1; 100%)

50



The main techniques employed in studies focused on zooplankton were similar to
those for phytoplankton: Algaecide application, “Floc & Sink”, “Floc & Lock”,
Dredging, Aeration, and Ultrasound. The “Floc & Sink” technique decreased zooplankton
biomass, survival, and population growth, while increasing abundance and diversity.
Similarly, the algaecide application technique led to a decrease in zooplankton
abundance, survival, and biomass (based on one result), but increased population growth
(based on one result). The “Floc & Lock” technique resulted in a decrease in abundance,
survival, and population growth of zooplankton. This technique had no effect on biomass
(based on one result), richness, and diversity of the zooplankton community. Aeration
decreased zooplankton abundance and had no effect on richness in this community.
Dredging decreased zooplankton biomass and had no effect on abundance. The other

techniques had only one article each focused on zooplankton (Fig. 9; Table 2).
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Figure 9 Effects of the main techniques on zooplankton, in different parameters. Biom

Biomass; Biovol = Biovolume; Pop = Population growth; Abun = abundance; Surv

Survival; Diver = Diversity; Rich = Richness.
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Table 4 Summary of effects of physical and chemical techniques on different parameters of zooplankton. In parentheses is the number of
recorded results. DE= Decrease; IN=Increase; NE=No effect; (-) = Not Applicable; N= number of results; AG= Algaecide application; AE=
Aeration; DD= Dredging; FS = “Floc & Sink”; FL = “Floc & Lock”; LS = Light Shading; US= Ultrasound.

Technique N° of Biomass Abundance Survival Pop growth Richness Diversity
articles
“Floc & Sink” 11 DE DE DE DE - DE
(7; 70%) (1; 20%) (4; 57.1%) (2; 66.7%) (2; 40%)
IN NE NE NE IN
(3; 30%) (2; 40%) (1; 14.2%) (1; 33.3%) (3; 60%)
IN IN
(2; 40%) (2; 28.6%)
Algaecide 9 DE DE DE IN - -
application (1; 100%) (8; 53.3%) (6; 66.7%) (1; 100%)
NE NE
(5; 33.3%) (2; 22.2%)
IN IN
(2;13.3) (1; 11.1%)
“Floc & Lock” 13 DE DE DE DE NE NE
(2; 22.2%) (10; 50%) (2; 100%) (2; 100%) (3; 100%) (3; 100%)
NE NE
(4; 44.4%) (5; 25%)
IN IN
(3; 33.3%) (5; 25%)
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Aeration

DE
(2; 50%)

IN
(2; 50%)

NE
(2; 66.7%)

IN
(1; 33.3%)

Dredding

DE
(5; 62.5%)

NE
(3; 37.5%)

DE
(1; 33.3%)

NE
(2: 66.7%)

Ultrasound

DE
(1; 100%)

DE
(2; 100%)

“Floc & Lock” +
Dredding

DE
(1; 33.3%)

NE
(2; 66.7%)

FS+AE

IN
(1; 100%)
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4. Discussion

We observed an increasing trend in publications about the effects of
eutrophication control techniques (chemical, physical, and both) on plankton over the
years (1974 - 2020), which can be explained by the need for effective control measures.
The increase in eutrophic freshwater and cyanobacterial blooms worldwide since the
1970s (Cook et al., 2005; Huisman et al., 2018) has demanded the application of
eutrophication control techniques. However, it is important to note that the focus of the
scientific articles analyzed was primarily on eutrophication control techniques aiming to
remove phytoplankton biomass (main parameter studied). Limited information was
available regarding the effects of these techniques on other aspects of the plankton
community structure, such as richness, diversity, abundance, and survival. Additionally,
gaps were identified regarding other taxonomic groups of phytoplankton, beyond
cyanobacteria, as well as in the investigation of effects on zooplankton.

A strong relationship between eutrophication and cyanobacteria was observed, as
well as restoration measures. Cyanobacteria blooms are recognized as a major
consequence of eutrophication, primarily caused by the accumulation of phosphorus,
which otherwise would be the limiting nutrient in this process (Le Moal et al. 2019). The
keywords associated with "restoration” primarily focused on eutrophication control, with
a particular emphasis on geo-engineering, a chemical technique aimed at manipulating
the biogeochemical cycle of phosphorus (Lurling et al. 2016a). Products such as
Phoslock® (lanthanum-modified bentonite clay) and chitosan (organic coagulant), which
were widely mentioned in the results, are commonly used for this purpose in various
locations around the world.

Among the cyanobacteria, Microcystis is a cosmopolitan genus and one of the
most common ubiquitously found in blooms. It is also known to be a potential producer
of cyanotoxins, particularly microcystin (Huisman et al. 2018). Microcystis aeruginosa
(Kutzing) was the most frequently recorded in the studies. Filamentous cyanobacteria
genus can co-occur with the Microcystis in most blooms, some of the most frequent are
Dolichospermun, Aphanizomenon and Raphidiopsis (Burkholder 2009; Soares et al.
2013; Shan et al. 2019), which explains why they were the most studied species.

Only about 30% of the articles (N = 136) included in our analysis reported results
regarding the zooplankton, and there were only nine articles specifically focused on this
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group. This indicates a need for more studies examining the effects of the techniques on
zooplankton. Among the limited studies available, the majority focused on cladocerans,
highlighting the necessity for studies on other important zooplankton groups such as
rotifers and copepods. These groups are widely found in aquatic ecosystems, especially
in eutrophic environments. The most commonly studied organism within the cladoceran
group was Daphnia spp., particularly the species Daphnia magna. This species is
considered a model organism and is extensively used in ecology, evolution, and
ecotoxicology studies (De Meester et al. 2023). Also, Daphnia species, including D.
magna, are among the most common cladoceran zooplankton worldwide, and can be
easily cultured in laboratory settings (NUfiez and Hurtado 2005; De Meester et al. 2023),
thereby facilitating their handling in microscale experiments.

The majority of studies predominantly focused on microscale experiments
(maximum of 5L) conducted in laboratory settings. This can be attributed to the fact that
testing techniques often begin with controlled laboratory experiments to assess their
effectiveness and safety before moving on to larger-scale and more complex experiments
(Ldrling et al. 2016a). Conducting laboratory experiments can save time and money, as
unsatisfactory results can be identified early on without proceeding to larger-scale testing.
In addition, our results indicate that experiments conducted in mesocosms were the least
common. This highlights the need for incorporating this stage in the testing of techniques.
Mesocosms are a valuable tool for conducting in situ experiments in lakes and reservoirs,
utilizing those found in nature. They provide a greater level of realism compared to
microcosms, while also offering easier replication compared to whole-lake experiments.

Medium and short-term experiments are more technically viable compared to
long-term and usually produce quicker results (Lirling et al. 2016b, a). This may explain
why most of the studies reported acute responses to the applied techniques (Galvez-
Cloutier et al. 2012; Grover et al. 2013; Bessa da Silva et al. 2016; Bishop and Richardson
2018; Thoo et al. 2020). Some techniques have an effect on phytoplankton biomass within
a few days or even hours. Perhaps long-term experiments were needed to evaluate when
associated with mesocosms or even manipulation of entire lakes. However, to fully
understand the effects of these techniques on the structure and composition of the
phytoplankton community, it is crucial to conduct studies with longer time. Long-term
studies provide valuable insights into the long-term efficacy and sustainability of the
techniques (Ruggiu et al. 2002; Su et al. 2016).
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The “Floc & Sink” technique aims to remove algal biomass by sedimentation at
the bottom, while keeping the phytoplankton intact and undamaged (Noyma et al. 2017).
This allows for the degradation of cyanobacteria and their toxins in the sediment (Li et
al. 2015). The effectiveness of the “Floc & Sink” technique may vary depending on
factors such as the dominant species and its density, the products used (coagulant and
ballast), and their applied dose (Miranda et al. 2017; Noyma et al. 2017).

Some phytoplankton species have natural mechanisms to regulate their position
in the water column, including adaptive strategies for buoyancy, like large mucilaginous
sheaths, composed mainly of polysaccharides (Padisék et al. 2003), or gas vacuoles
(aerotopes) (Burkholder 2009), which can inhibit aggregation and sedimentation with
clay (Lucena-Silva et al. 2022). Therefore, the effectiveness of the “Floc & Sink”
technique by sedimentation, can be compromised due to the functional attributes of some
cyanobacteria genera, such as Microcystis, Dolichospermun and Raphidiopsis (Miranda
et al. 2017; Lucena-Silva et al. 2022). Thus, more product (coagulant and ballast) may be
needed to sink these cyanobacteria. The density of the bloom also plays a role in the
effectiveness of technique and product dose. Higher bloom densities require larger
amounts of coagulant and ballast for effective flocculation and sedimentation of
cyanobacteria (Aradjo et al. 2018). Large flocs formed from the application of the
coagulant can accumulate on the surface if the ballast dose is low (Noyma et al. 2017).

The few papers about the effect in the phytoplankton community showed an
increased diversity after the “Floc & Sink” application. Despite the initial loss of certain
groups and species, over time, the technique promotes the growth of other groups and
species in the environment (Pan et al. 2011). The articles justify this increase in diversity
due to the decrease in nutrients (Dai et al. 2013). In the case of the study by Pan et al.
(2011), it suggests that the increase in diversity is due to the fact that the material used in
the technique is a local soil, and particles from local soil can naturally enter the lake
through runoff. However, the number of articles is small (N = 3), and there is a need for
further studies on the phytoplankton community.

Regarding the zooplankton, the “Floc & Sink™ technique can decrease the
biomass, population growth, and survival. The ballasts used in this technique can
physically immobilize these organisms by adhering to their carapaces, making it difficult
for them to move and altering their behavior (Alvarez-Manzaneda and de Vicente 2017).
Moreover, the ballasts can accumulate in Daphnia , as they may ingest these suspended

particles (del Arco et al. 2018; Alvarez-Manzaneda et al. 2019), resulting in reduced
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growth, smaller size at maturity, and decreased reproduction. Consequently, population
growth rates are also reduced (Lurling and Tolman 2010).

Daphnia magna is a generalist feeder, therefore, it is possible for Daphnia to
ingest particles adsorbents materials (Alvarez-Manzaneda et al. 2019). Other cladocerans
may also be affected, the Ceriodaphnia was more sensitive to suspended clay particles
than Daphnia , leading to stronger negative effects (Kirk and Gilbert 2016). However, in
realistic exposure scenarios, the accumulation of ballasts in daphnids is not expected due
to the faster uptake and depuration of Phoslock® in these organisms (Alvarez-Manzaneda
et al. 2019). There is a lack of studies on the effects of this technique (“Floc & Sink™) on
rotifers and copepods. Some papers showing an improvement in the zooplankton (e.g.
increase of diversity, biomass and survival). Pan et al. (2011) showing an increase in
zooplankton biodiversity after the “Floc & Sink” application, because the technique
returned the lake to the clear water state with the presence of macrophytes.

The “Floc & Lock” technique involves the formation of a sediment capping using
an adsorbent material, which effectively prevents the release of phosphorus from the
sediment back into the water column (Van Oosterhout and Lirling 2011; Waajen et al.
2016). The results found in our study of the “Floc & Lock” technique can vary depending
on the specific product used and on the duration of the study. Short-term studies have
shown that this technique not only impacts cyanobacteria, but also has an impact on other
phytoplankton groups, such as green algae (Chlorophyceae) and diatoms (van Oosterhout
and Lurling 2013; Su et al. 2016). However, in some long-term studies we can observe
the increase of the richness or diversity, of phytoplankton communities, along with an
increase in biomass specifically of Chlorophyceae, Euglenophyceae, and Cryptophyceae
(Lang et al. 2016; Su et al. 2016). These shifts in the community composition suggest a
change in nutrient limitation, likely due to the reduction in phosphorus concentration in
the water column (Lang et al. 2016). Further studies investigating the effects on the
phytoplankton community are necessary to gain a better understanding of these processes
following the application of the floc and lock technique.

About zooplankton, some studies reported that the “Floc & Lock™ application can
cause negative effects (Bessa da Silva et al. 2016; Frau et al. 2019). In some cases, the
cladocerans population disappeared for up to three months following the application of
“Floc & Lock”, however in other cases acute toxicity tests indicated no significant
mortality (Van Oosterhout and Lirling 2011; Yamada-Ferraz et al. 2015). However, an

increase in Daphnia survival was observed because the flocs reduce Daphnia 's contact
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with contaminants, and decrease the phosphorus concentration (Galvez-Cloutier et al.
2012).

The materials that can be used in the “Floc & Lock” technique form a layer at the
bottom of the lake, in the sediment, which can bury the eggs and act as a physical barrier
for copepods, preventing their return (Spencer et al. 1983). Furthermore, the application
of this technique can alter the relative abundance of cladocerans to copepods, even
without affecting the total biomass of zooplankton. However, copepods tend to exhibit
more movement to escape clay flakes, and their ability to reproduce is stronger compared
to cladocerans (Tang et al. 2018).

The negative effects on zooplankton observed in both the “Floc & Sink™ and “Floc
& Lock” techniques can be attributed to direct or indirect processes. Direct effects can
occur through co-precipitation of organisms with the applied material and the algae,
resulting in animals being trapped in the flocs and precipitated to the sediment
(Schumaker et al. 1993; Leoni et al. 2007). Another direct effect is because these
techniques can temporarily increase turbidity in the water column (van Oosterhout and
Larling 2013). The elevated turbidity resulting from suspended clays during the initial
days can have a toxic effect, affecting the feeding rate of zooplankton and causing
significant feeding inhibition (del Arco et al., 2018; Kirk, 1991; van Oosterhout and
Larling, 2013; Yamada-Ferraz et al., 2015). This effect is particularly pronounced in
filtering organisms such as the cladocerans, so their ability to acquire food becomes
compromised, leading to reduced food intake or ingestion of inedible materials that are
adsorbed onto their prey (Campos et al. 2013; Bessa da Silva et al. 2016).

The indirect effects on zooplankton occur due to the impact of these techniques
on phytoplankton. This leads to a decrease in food availability caused by the
sedimentation of algae, which limits their food supply (Spencer et al. 1983; Holz and
Hoagland 1996; VVan Oosterhout and Lirling 2011; Yamada-Ferraz et al. 2015; Bessa da
Silva et al. 2016; Tang et al. 2018). In addition, these techniques alter the phytoplankton
community, thereby changing the quality of food resources, which can either limit
zooplankton growth (Spencer et al. 1983) or have positive effects by making better food
available.

Besides all that, some effects on zooplankton are temporary, and the organisms
tends to recover quickly (Spencer et al. 1983; Ni et al. 2010; Van Oosterhout and Lurling
2011; Yamada-Ferraz et al. 2015; Waajen et al. 2016). The impacts negatives may be

counterbalanced by significant reductions in cyanobacteria and subsequent improvements
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in the ecosystem (van Oosterhout and Lirling 2013). Additionally, lake restorations are
typically carried out in unbalanced aquatic ecosystems, and long-term effects are not
expected (Lirling and Tolman 2010; Alvarez-Manzaneda et al. 2019).

The direct application of algaecides to remove cyanobacteria has been employed
for a long time (Jan¢ula and Marsalek 2011), and its effectiveness to remove
cyanobacteria biomass and biovolume has been proven (Bauza et al. 2014; Lirling; and
Tolman 2014; Shen et al. 2019). The most commonly used algaecides are copper sulfate
and hydrogen peroxide (H202). Copper caused a negative impact on phytoplankton
diversity and composition, particularly affecting diatoms and Chrysophyceans. In
contrast, green algae species have shown higher tolerance (Le Jeune et al. 2006). Among
phytoplankton taxonomic groups, cyanobacteria, especially nitrogen-fixing species, are
the most sensitive to copper (Hullebusch et al. 2002; Le Jeune et al. 2006). Consequently,
the observed toxicity of copper sulfate has prompted the exploration of hydrogen peroxide
as an alternative (Drabkova et al. 2007; Matthijs et al. 2012).

Cyanobacteria were more sensitive to H20> compared to eukaryotic
phytoplankton. A possible explanation can be that cyanobacteria produce an insufficient
amount of enzymes able to eliminate reactive oxygen species, such as H.O> (Sinha et al.
2018). The use of H20> can lead to changes in the composition of the phytoplankton
community by selectively killing cyanobacteria and promoting the growth of eukaryotic
phytoplankton, thereby reducing competition (Weenink et al. 2015). Furthermore, the use
of hydrogen peroxide and copper sulfate can damage the membrane integrity of the
cyanobacteria, resulting in a release of intracellular toxins and of the dissolved
phosphorus (Jancula and Marsalek 2011; Barrington et al. 2013; Merel et al. 2013; Bauza
et al. 2014; Coloma et al. 2017).

The application of algaecides has been shown to have negative effects on
zooplankton, leading to decreased survival, biomass, and abundance (Murray-Gulde et
al. 2002; Bishop et al. 2018). Copper sulfate is considered, also for zooplankton, the most
toxic among the copper-based algaecides (Campbell 1995). Studies have shown that
zooplankton can be affected by higher (Matthijs et al. 2012; Sinha et al. 2018; Thoo et al.
2020) or lower (Reichwaldt et al. 2012; Thoo et al. 2020) concentrations of hydrogen
peroxide (H20>).

Toxic effects observed in non-target organisms due to algaecide applications are
generally a result of the initial exposure rather than cumulative exposure (Murray-Gulde
et al. 2002), for example, the added H>O> degrades within a few days (Sinha et al. 2018).
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The reduction in zooplankton might have also been potentially coupled with a reduction
of eukaryotic phytoplankton, limiting the grazing (Sinha et al. 2018). However, as already
discussed, these products can promote the release of cyanotoxins, producing a health
hazard for zooplankton (Lurling and van Oosterhout 2013, 2014).

Turning now to physical techniques, several forms of aeration were employed,
including artificial mixing, metalimnetic and hypolimnetic aeration/oxygenation, and
sediment aeration (Cowell et al. 1987; Visser et al. 2016). These techniques have two
different effects on phytoplankton. Firstly, they reduce the positive buoyancy of
cyanobacteria, preventing them from remaining at the surface. It allows other algae to
receive more light and nutrients, promoting their growth. Secondly, transport
cyanobacteria downwards to the bottom of the water column, where light levels are lower,
thus slowing down their growth rate (\Visser et al. 2016).

The effect of aeration on zooplankton is controversial, as each paper has found
different results. However, it is important to note that each article refers to a different type
of aeration. Cowell et al. (1987) showed that artificial mixing had effects on the
zooplankton community, the abundance of crustacean zooplankton, copepoda, and
cladocera declined significantly (91-92%). The authors cite some reasons for this effect:
increased fish predation, changes and reductions in the sizes of phytoplankton, and the
release of toxic substances from the sediment. In contrast, the abundance of Rotifera
increased, which could be attributed to reduced competition for algal food with
crustaceans during the first year. The zooplankton was unaffected during eleven years
after hypolimnetic aeration (Horne and Beutel, 2019). On the other hand, metalimnion
aeration has been shown to bring about changes in the structure of the zooplankton
community, with the returns of Daphnia sp. dominance (Kortmann et al. 1994). This
change in community can be attributed to the increased transparency of the lake
(Kortmann et al. 1994).

The sediment dredging, addressed by several articles, has been shown to result in
a decrease in phosphorus concentrations (Ruley and Rusch 2002) and consequently
decrease the of the phytoplankton biomass or biovolume of the cyanobacteria (Van Duin
et al. 1998; Phillips et al. 2005; Ayala et al. 2007; Lirling and Faassen 2012; Jing et al.
2019). On the other hand, studies have also revealed that this technique may promote the
growth of other phytoplankton groups, such as the green algae (Van Duin et al. 1998;
Phillips et al. 2005; Ayala et al. 2007).
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However, it is possible for the lake to remain eutrophic, with cyanobacteria still
present, potentially due to the presence of phosphorus-rich materials that may have been
left in the lake after dredging (Ayala et al. 2007; Lrling and Faassen 2012). In such cases,
the efficiency of the dredging technique may be compromised because of the sediment
resuspension. Jing et al. (2019) proved that after the dredging application, the low N/P
ratios cause growth of some nitrogen-fixing cyanobacteria, such as Aphanizomenon,
Raphidiopsis. This could occur because the suspended sediments released nutrients
during the dredging process (Morgan et al. 2012).

The sediment dredging negatively affects the zooplankton (Phillips et al. 2005;
Jing et al. 2019). Cladocerans appear to be particularly affected, with decreased biomass
(Phillips et al. 2005), biovolume (Ayala et al. 2007) and abundance (Lurling et al. 2017).
The decrease in biomass happened because of a reduction in organism numbers, rather
than changes in the proportions of total zooplankton biomass (Philips et al., 2005). These
effects on zooplankton can be explained by food scarcity (Lrling et al. 2017), and due
to the dredging causing a disturbance in the sediment, which may initially increase
turbidity, and affects the zooplankton.

The ultrasound technique operates by concentrating the energy of sound waves,
inducing a process called acoustic cavitation. The ultrasound causes the rupture of gas
vesicles, inhibition of photosynthesis and destruction of cell membranes, affecting algal
biomass (Jong Lee et al. 2000; Holm et al. 2008; Rajasekhar et al. 2012a). The reduction
in algae is influenced by the frequency and intensity of the ultrasound. However, the idea
that higher frequency increases removal has been disproven (Rajasekhar et al. 2012b).
Numerous studies have shown the ultrasound to be ineffective (Kardinaal et al. 2008;
Purcell et al. 2013; Lurling and Tolman 2014; Lurling; and Tolman 2014) or to have
minimal effect on M. aeruginosa (Zhang et al., 2006). The ultrasound treatment causes
marginal damage to cyanobacterial cells, resulting in a slight increase in dissolved MCs
and a slight reduction in PSII activity (Lurling et al. 2014).

Ultrasound is more effective against filamentous species. Due to their morphology
they have a larger surface area, making it more likely for the algae to come into contact
with the bubbles generated by the technique (Purcell et al. 2013). However, it should be
noted that there can be regeneration of gaseous vacuoles and subsequent regrowth of
cyanobacteria in a short period of time (Jong Lee et al. 2000; Hao et al. 2004). Overall,
the results obtained do not provide strong evidence that cyanobacteria can be effectively

controlled using ultrasound techniques.
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Two articles (Lirling and Tolman 2014; Liirling; and Tolman 2014) investigated
the impact of ultrasound on the survival of zooplankton, and both articles yielded these
results: the ultrasound technique caused the death of Daphnia magna within 15 minutes.
Also, Govaert, et al. (2007) reported a near-complete disappearance of Daphnia
following ultrasound treatment. Both higher and lower frequencies were found to be
acutely lethal under the tested conditions (Lurling; and Tolman, 2014a; Ldirling and
Tolman, 2014b). These studies do not recommend the use of ultrasound as a green and
environmentally friendly solution (Lurling; and Tolman, 2014a; Lurling and Tolman,
2014b).

5. Conclusions
There has been an increase in publications over time about the effect of techniques
on plankton, especially on cyanobacteria. The gaps found were studies on the zooplankton
population, most of the focus centered on Daphnia magna. However, it is crucial to
expand our understanding of these effects on other species and taxonomic groups. Other
gaps are the effects on plankton community succession, and long-term experiments.
Chemical techniques (“Floc & Sink”, “Floc & Lock” and algaecides) have removed
cyanobacterial biomass or biovolume. On the other hand, aeration, dredging, and
ultrasound have produced conflicting and inconclusive results. The few studies about
plankton community showing positive effects on the phytoplankton diversity after the
“Floc & Sink™ technique and an increase on the richness after “Floc & Lock™ and aeration.
Overall, all the techniques have shown negative effects on zooplankton, including
decreased biomass, reduced survival, and decreased abundance, however these effects
was temporary. Only the “Floc and Sink” technique has demonstrated a positive effect by
increasing zooplankton diversity. Despite that, due to the limited number of studies on

zooplankton, it remains challenging to draw definitive conclusions.
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RESUMO

A técnica Floc & Sink (F&S) atua como medida para restaurar ambientes eutroficos por
meio da coagulagdo e sedimentagdo da biomassa algal. As diferentes caracteristicas das
espécies fitoplancténicas, como a morfologia e 0 mecanismo de resisténcia a
sedimentacdo, podem impactar na eficacia da técnica. Neste estudo, objetivamos analisar
os efeitos da técnica F&S na biomassa de algas e na composicdo do fitoplancton, em
aguas eutroficas de reservatorios do semiarido tropical. Aplicamos coagulantes quimicos
e materiais naturais como lastro. Para avaliar estratégias adaptativas, como a
flutuabilidade positiva das células, aplicamos a abordagem de Grupos Funcionais
Baseados na Morfologia (MBFG). O experimento em laboratério envolveu tratamentos
com adigdo de coagulante, isolado e combinados com os lastros naturais. Os efeitos da
técnica sobre a biomassa e composicdo do fitoplancton variaram de acordo com o
mecanismo de resisténcia a sedimentacdo. O Grupo IV, sem caracteristicas
especializadas, sedimentou apenas com uso de coagulante. A presenca de bainha
mucilaginosa e aer6topos (Microcystis aeruginosa, Grupo VII) impediu sua sedimentagdo
em todos os tratamentos. Nem o Grupo V (flagelados), nem o Grupo VI (diatoméceas
pequenas) exibiram sedimentacdo. Além disso, as cianobactérias filamentosas (Grupo
VIII) demonstraram maior resisténcia a sedimentacdo. Apesar disso, 0 emprego de
materiais de lastro naturais proporciona uma alternativa econdémica para a remocao da

biomassa de algas.

Palavras-chave: cianobactérias; coagulacdo; geoengenharia; lastros naturais

ABSTRACT

Floc & Sink (F&S) technique acts as a measure to restore eutrophic environments through
coagulation and sedimentation of algal biomass. The different characteristics of
phytoplankton species, such as morphology and the mechanism of resistance to
sedimentation, can affect the effectiveness of the technique. In this study, we aimed to
analyze the effects of the F&S technique on algal biomass and phytoplankton
composition, in eutrophic waters from reservoirs in the tropical semi-arid. We employed
chemical coagulant, and natural ballast materials. To assess adaptive strategies, such as

positive buoyancy of cells, we applied the Morphology-Based Functional Groups
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(MBFG) approach. The experiment in the laboratory involved treatments with addition
of coagulant, isolated and in combination of the ballasts. The effects of technique on the
phytoplankton biomass and composition varied according to the sedimentation resistance
mechanism. The Group 1V, lacking specialized characteristics, sedimented with the use
of coagulant alone. The presence of a mucilage sheath and aerotopes (Microcystis
aeruginosa, Group VII) prevented its sedimentation in all treatments. Neither Group V
(flagellates) and Group VI (small diatoms), exhibited sedimentation. Also, filamentous
cyanobacteria (Group VIII) demonstrated enhanced resistance to sedimentation.
Furthermore, employing natural ballast materials provides a cost-effective alternative for

removing algal biomass.

Keywords — cyanobacteria; coagulation; geoengineering; natural ballasts.

Introduction

Eutrophication is a widespread problem and one of its main consequences is the
proliferation of cyanobacteria, which can lead to a public health issue due to the
production of cyanotoxins, posing challenges for water management (Schindler et al.,
2008; Huisman et al., 2018; Bonilla et al., 2023). Other consequences of eutrophication
include high concentrations of nutrients and turbidity, depletion of dissolved oxygen,
reduction in biodiversity, and fish mortality (Dodds et al., 2009; Paerl & Huisman, 2009;
Le Moal et al., 2019).

The reduction of external nutrient loads should be the first management measure to
be adopted to restore a eutrophic lake, as it is a direct management strategy (Cooke et al.,
2005; Lurling et al., 2016). However, despite this reduction in external loads, lake
recovery is slow due to phosphorus (P) internal loading from sediment (Sondergaard et
al., 2001; Lirling et al., 2016b). This process is responsible for maintaining the symptoms
of eutrophication (Sondergaard et al., 2001). Moreover, P is the primary resource for
sustaining the biomass of cyanobacteria, particularly those forming blooms and
potentially producing toxins (Paerl & Huisman, 2009; Bonilla et al., 2023).

Among the chemical techniques to mitigate the eutrophication, geoengineering
involves manipulating the biogeochemical cycle of phosphorus (Lirling et al., 2016a). In

geoengineering, there are two main techniques that can be used: Floc & Sink (Noyma et
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al., 2017; Lucena-Silva et al., 2019; Arruda et al., 2021; Drummond et al., 2022) and Floc
& Lock (Lurling et al., 2016a; Lirling & Mucci, 2020).

The Floc & Sink (F&S) technique acts as a restoration measure for eutrophication
by promoting the coagulation, flocculation and sedimentation of algal biomass, removing
particulate phosphorus present in the water column through the application of coagulants
and ballasts (Noyma et al., 2017; Lucena-Silva et al., 2019, 2022; Drummond et al.,
2022). The coagulant destabilizes the suspended particles in the water, leading to the
formation of flocs, and the ballasts assist in sedimentation by increasing the weight of the
formed flocs (Pan et al., 2011).

The use of aluminum-based coagulants, such as Polyaluminum chloride (PAC),
is widely employed in Floc & Sink and Floc & Lock techniques (Jancula & Marsalek,
2011; Larling et al., 2020a). PAC is an inorganic cationic hydroxyl polymer containing
aluminum species, which are positively charged (Zarchi et al., 2013). Initially, the
coagulants alter the physical state of particles in the water, causing them to come together
through changes in electrostatic and ionic forces (Auerbach et al., 2008). Subsequently,
physical contact between the particles increases the size of the flocs (flocculation) and
PAC acts as a bridging agent, entrapping the cyanobacteria (Noyma et al., 2017). The
performance of PAC coagulation can be influenced by the initial pH of the water (Yang
et al., 2010; Aradjo et al., 2018a) and the presence of organic matter, predominantly
composed of humic substances (Edzwald, 1993; Pernitsky and Edzwald, 2006;
Naceradska et al., 2019). These two parameters affect the amount of positive and negative
charges present in the water.

Ballasts are necessary to counteract the adaptive strategies of cyanobacteria in
regulating their position in the water column, as they possess positive buoyancy, which
makes their sedimentation challenging with coagulants alone (Miranda et al., 2017;
Ldrling et al., 2020b). Ballasts can be natural or modified materials (Noyma et al., 2017).
Chemically modified materials, such as Lanthanum Modified Bentonite (Phoslock®), are
costly, making them economically unfeasible in developing countries. Therefore, the
search for alternative materials becomes necessary. Natural materials have emerged as
potential alternatives (Mucci et al., 2018; Cavalcante et al., 2021; Monicelli et al., 2021).
Natural bentonites and local soils have been tested and shown promising results in
sedimenting algal biomass when combined with aluminum-based coagulants (Noyma et
al., 2017; de Magalhaes et al., 2019; Lucena-Silva et al., 2019; Lirling et al., 2020a).
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The different characteristics of phytoplankton species and groups, such as
sedimentation resistance mechanisms (presence of gas vesicles, mucilage sheaths,
flagella, among others), which regulate the position of these organisms in the water
column (Padisék et al., 2003), can reduce the effectiveness of the technique (Lucena-Silva
etal., 2022). Algal morphology can also influence sedimentation efficiency. For example,
colonies of Cyanobacteria species, such as Microcystis aeruginosa (Kutzing) Kitzing
may be more difficult to sediment than filaments (Miranda et al., 2017), however colonies
of Aphanocapsa delicatissima W.West & G.S. West, Merismopedia glauca (Ehrenberg)
Kitzing , and Merismopedia tenuissima Lemmermann were more easily removed than
large filamentous cyanobacteria (Lucena-Silva et al., 2019). Therefore, understanding the
effects of the technique and its products on the phytoplankton community is relevant
because the Floc & Sink (F&S) technique has an indiscriminate impact on phytoplankton
groups, and thus, both cyanobacteria and other groups can be removed or exhibit
resistance to sedimentation (Lucena-Silva et al., 2022).

The approach of functional groupings based on measurable morphological and
functional criteria has been widely used to explain and predict phytoplankton responses
to environmental changes, such as trophic state alterations and climate change (Kruk et
al., 2010; Izaguirre et al., 2012; Reynolds et al., 2014; Rangel et al., 2016; Segura et al.,
2018; Vanderley et al., 2022). The classification system by Kruk et al. (2010),
Morphology-Based Functional Groups (MBFG), was formulated based on morphological
traits such as cell shape and size, presence of mucilage, flagella, gas vesicles, and silica
exoskeleton. An assessment using this approach can provide information on the
predictability of phytoplankton species that are more susceptible or resistant to removal
from the water column through sedimentation, particularly when using products for
eutrophication control such as the Floc & Sink (F&S) technique (Lucena-Silva et al.,
2022).

Knowledge about the effects of the technique on phytoplankton is still limited,
especially concerning non-target species (Peng et al., 2019). These non-target species
often have higher nutritional value for zooplankton, and their sedimentation can have
impacts on diet of these organisms. Therefore, studies aimed at determining the effects of
F&S on the removal of species important in the zooplankton diet are deemed necessary
(Lucena-Silva et al., 2022).

The goal of this study was to analyze the effects on biomass and phytoplankton

composition when applying the F&S mitigation technique in eutrophic waters of
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reservoirs in the tropical semiarid region. In an experimental scale, we used a chemical
coagulant (Polyaluminium chloride) and natural materials (Planosol and limestones) as
ballasts for sedimentation. We applied a functional approach, Morphoplogy-Based
Functional Groups (MBFG), based on morphological characteristics of phytoplankton
(Kruk et al., 2010), to assess which adaptive mechanisms are more resistant to
sedimentation. Our hypothesis is that groups with the presence of gas vesicles and
mucilage (MBFG III, VII and VIII) will be more difficult to sediment.

Methods
Study area and sampling

The water samples were obtained from the Boqueirdo de Parelhas (Parelhas/RN)
and Dourado (Currais Novos/RN) reservoirs, located in the Brazilian semi-arid region
(Figure 1). These reservoirs are located in the Brazilian semi-arid region, in the Pianco-
Piranhas-Acu River basin, sub-basin of the Serid6 River. This sub-basin occupies 22.7%
of the total basin and has the largest number of dams - 40% of the Piancé-Piranhas-Acu
reservoirs, which in turn has an average rainfall of 639 mm/year and a negative water
balance (ANA, 2016).
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Figure 1-Location of studied reservoirs, Boqueirdo de Parelhas and Dourado.
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These reservoirs are chosen because they have been affected by eutrophication over
the years, with cyanobacteria dominance (Figueiredo & Becker, 2018; Leite & Becker,
2019; Braga & Becker, 2020; Santos et al., 2021). Sampling was conducted at the
subsurface (£40cm) of the water column using a van Dorn bottle, near to the water intake
sampling point for human supply. The samples were placed in a dark 201 gallon and taken
to the laboratory in nearly 22 °C.

The sampling was realized in 2023 January and in this month Boqueirdo and
Dourado were 4.8 e 2.5 meters deep and with 6.5 and 3.2 percent of the total volume,
respectively. The reservoirs were in similar initial conditions (Table 1). Boqueirdo
reservoir exhibited high algal biomass and higher pH and absorbance at 254 nm values.
Dourado reservoir had the highest chlorophyll-a and total phosphorus values and the

lowest pH value.

Table 1 Initial characterization of water in the reservoirs used in this study.

Paramether Boqueirdo Dourado
pH 9.08 8.64
Abs 254 (nm) 0.419 0.396
Total Phosphorus (ug L™?) 88.0 241.3
Soluble Reactive Phosphorus (ug L) DL DL
Chlorophyll-a (ug L) 148.8 179.9
Phytoplankton Biomass (mg L™?) 60.5 59.4
Eufotic zone (m) 1,56 0,66

DL= Below the detection limit.

Products/Materials

The coagulant used in this study was Polyaluminum chloride (PAC) (Al203 =
16.2%). The ballast materials tested were: a natural soil from the semi-arid region -
Planosol; two commercially available limestones — calcitic (beige) limestone and one
dolomitic (white) limestone. The ballast dose was fixed at 100 mg L™ (Cavalcante et al.,
2022), and the dose of Polyaluminium chloride (PAC) was 4 mg L™* of aluminum (Aradjo
etal., 2018a).

Experimental design

The treatments consisted of the addition of the coagulant alone and combined with
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the ballasts, as well as a control where no material was added. Aliquots of 300 ml of
raw water from the reservoirs were placed in graduated cylinders (Figure 2). The
Polyaluminium chloride (PAC) was added first, followed by the addition of the different
ballasts used in their respective treatments (all in triplicate), resulting in a total of 15
experimental units per reservoir. The mixture was then stirred with a glass rod for 30
seconds. After 2 hours (Drummond et al., 2022) pH (HACH), humic substances
(absorbance at 254 nm), and chlorophyll-a (Jespersen & Christoffersen, 1988) variables
were measured at the top and bottom of the graduated cylinders.

Water samples containing the phytoplankton community (2 mL) were collected
from the top of the graduated cylinders. After collection, the samples were properly
fixed with Lugol's solution and stored. The identification and counting of phytoplankton
were conducted using an inverted microscope (400x magnification). The individuals
were counted in randomly selected fields (Uhelinger, 1964) using the sedimentation
technique (Utermdhl, 1958). The biovolume (mm3 L) was calculated based on
approximate geometric shapes (Hillebrand et al., 1999), assuming that 1 mm L™ =1 mg
Lt (Wetzel & Likens 2000). The phytoplankton species were classified into morpho-
functional groups, Morphology-Based Functional Groups - (MBFG), by Kruk et al.
(2010) and Reynolds et al. (2014): MBFG | - small organisms with high surface-to-
volume ratio; MBFG 11 - small flagellated algae with silica exoskeletons; MBFG 111 -
large filamentous organisms with aerotopes; MBFG IV - medium-sized organisms
without specialized characteristics; MBFG V - medium to large-sized flagellated
unicellular organisms; MBFG VI - non-flagellated organisms with silica exoskeletons;
MBFG VI - large colonies with mucilage; MBFG VIII - nitrogen-fixing Cyanobacteria
with aerotopes.

To analyze which treatments were different from the control, a one-way analysis
of variance (ANOVA) was performed with a significance level of (p<0.05) for pH,
humic substances, chlorophyll-a, and MBFG functional groups. The assumptions for the
analysis of variance were checked: data normality and normality of residuals using the
Shapiro-Wilk test (p<0.05), and homoscedasticity using the Levene's test (p<0.05). A
Tukey test (p<0.05) was performed to differentiate the variables analyzed and the groups
sedimentation between treatments. The analyses were conducted using R Studio

software version 4.3.0.
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Figure 2 Scheme of the experimental design of the application of the Floc & Sink

(F&S) technique. PAC = Polyaluminium chloride.

Results

In the Boqueirdo reservoir (Figure 3) the pH decreased in all treatments, however
the values remained above 8 both at the surface (p<0.0001) and at the bottom (p<0.0001)
(Figure 2a). Humic substances resulted in statistically lower values at the surface
(p<0.0001) and at the bottom (p<0.003) (Figure 3b) and removal percentages around 15%
after the application of all treatments (Figure 6a). Chlorophyll-a decreased at the surface
(p<0.008) with the PAC+BL (p<0.001) and PAC+WL (p<0.0001) treatments, which were
statistically different from the control, though the values remained above 90 pg L*
(Figure 3c). At the bottom, all treatments showed an increase in chlorophyll-a
concentrations (p<0.0001). This reservoir obtained removal percentages of around 20%
in treatments with only PAC and PAC+PLA, and 40 to 50% after application of PAC+BL
and PAC+WL (Figure 6b).
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Figure 3 Results of Floc & Sink in the Boqueirdo de Parelhas reservoir. a) pH; b) humic
substances (abs 254); c) chlorophyll-a (chl-a). PAC: Polyaluminum chloride; PLA:
Planosol; BL: Beige Limestone; WL: White Limestone. Red dashed line: initial values
found in the water. The values above the black line represent the values at the top of the
graduated cylinders and the values below the black line represent the values at the bottom
of the graduated cylinders. The letters represent the equality or difference of the
parameters between the treatments at the top or bottom.

In the Dourado reservoir (Figure 4), pH and humic substances (Figure 4a and 4b)
decreased in both the top (p<0.0001 for both) and bottom (pH: p<0.0001; humic
substances: p<0.0008) for all treatments, similar to the Boqueirdo reservoir. The pH
remained with a final average of 7.8 in the top. For humic substances the removal
percentage was around 20% (Figure 6a). Chlorophyll-a decreased in the tops (p<0.0001)
and increased in the bottoms (p<0.0001) of the vials after 2 hours of sedimentation, and
all treatments were statistically different from the control. However, the values remained
above 60 pg L for chlorophyll-a (Figure 4c). The percentage of chlorophyll-a removal

was around 60 to 80% (Figure 6b).
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Figure 4 Results of Floc & Sink in the Dourado reservoir. a) pH; b) humic substances
(abs 254); c) chlorophyll-a (chl-a). PAC: Polyaluminum chloride; PLA: Planosol; BL.:
Beige Limestone; WL: White Limestone. Red dashed line: initial values found in the
water. The values above the black line represent the values at the top of the graduated
cylinders and the values below the black line represent the values at the bottom of the
graduated cylinders. The letters represent the equality or difference of the parameters
between the treatments at the top or bottom.

In Boqueirdo reservoir, the total biomass of phytoplankton was sedimented in all

combined treatments (PAC+PLA= p<0.001; PAC+BL= p<0.001; PAC+WL= p<0.05)
(Figure 4a), with removal rates of 68.8%, 76.9%, and 64.7%, respectively (Figure 6). Five
MBFG groups were identified (I1V, V, VI, VII, and VIII) (Table 2). Groups 1V and VIII
predominated in terms of biomass (Figure 5a). In the analysis of biomass for the MBFG
groups, Group IV showed a significant reduction (p<0.0007; F=12.24; Table 1
supplementary material) compared to the control after the application of the coagulant
alone or combined with natural materials (Figure 5a). Group MBFG VIII exhibited a
decrease in biomass (p<0.0004; F=13.86) between the control and treatments combined
with the coagulant and all natural materials (PAC+PLA, PAC+BL, PAC+WL; Figure 4b;
Table 1 supplementary material). For MBFG groups V (p<0.87; F=0.28), VI (p<0.09; F=
2.63), and VIl (p<0.055; F=3.35), there were no significant differences in biomass
reduction among the evaluated treatments.

For the water from the Dourado reservoir, the total phytoplankton biomass was
sedimented in all analyzed treatments (p<0.004; Figure 5b), with removal rates of 27.1%,
66.7%, 60.0%, and 71.6% for PAC, PAC+PLA, PAC+BL, PAC+WL, respectively
(Figure 6). The same five MBFG groups (1V, V, VI, VII, and VII1) were identified (Table

2). MBFG group IV predominated in this reservoir and showed a significant decrease
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(p<0.0001; F=47.63; Table 2 supplementary material) after the application of the
coagulant alone and combined with all tested materials, as well as MBFG group VII,
which also sedimented after all the treatments (p<0.0002; F=16.32; Table 2
supplementary material; Figure 5b). For MBFG group VIII, a significant reduction in
biomass was only observed (p<0.003; F=8.95; Table 2 supplementary material) with
treatments combining the coagulant and natural materials (PAC+PLA, PAC+BL,
PAC+WL,; Figure 4d). MBFG groups V (p<0.30; F=1.38) and VI (p<0.23; F=1.64) did

not show significant differences in biomass reduction for any of the treatments.
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Figure 5 Results of total biomass and relative biomass of phytoplankton by functional
group (MBFG) after the application of floc and sink in different reservoirs. a) Total
phytoplankton biomass per functional group in the Boqueirdo reservoir; b) Total
phytoplankton biomass per functional group in the Dourado reservoir. PAC
Polyaluminum chloride; PLA: Planosol; BL: Beige Limestone; WL: White Limestone.
Red dashed line: initial values found in the water.
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Figure 6 Results of removal percentage after the Floc & Sink experiment. a) Removal
percentage of humic substances; b) Removal percentage of chlorophyll-a (chl-a); c)
Removal percentage of phytoplankton biomass; PAC: Polyaluminum chloride PLA:

Planosol; BL: Beige Limestone; WL: White Limestone.
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Table 2 Classification of phytoplankton species according to functional groups based on morphology (MBFG; Kruk et al., 2010 and Reynolds et

al., 2014) in the Boqueirdo and Dourado reservoirs.

MBGF Description

Boqueirdo

Dourado

v Medium-sized organisms
without specialized

characteristics

Pseudanabaena Lauterborn sp. (CYA)
Scenedesmus Meyen sp. (CHL)
Tetraedron minimum (A.Braun)
Hansgirg (CHL)

Monactinus simplex (Meyen) Corda

Scenedesmus Meyen sp. (CHL)
Tetraedron minimum (A.Braun)
Hansgirg (CHL)

Monactinus Corda sp. (CHL)

Closterium Nitzsch ex Ralfs sp.

(CHL) (CHL)
Chlorella M. Beijerinck sp.
(CHL)
\Y Unicellular organisms with  Cryptomonas pyrenoidifera Geitler Rhodomonas Karsten sp.
flagella (CRYP) (CRYP)
Trachelomonas volvocina (Ehrenberg)  Cryptomonas Ehrenberg spp.
Ehrenberg (EUG) (CRYP)
Trachelomonas sp. (EUG)
VI Organisms with siliceous Nitzschia Hassall sp. (BAC) Nitzschia Hassall sp. (BAC)

exoskeletons without

flagella

Pennales spp. (BAC)

Pennales spp. (BAC)
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Vil Large mucilaginous Microcystis aeruginosa (Kitzing) Chroococcales sp. (CYA)
Kitzing (CYA)

Chlorococcales spp. (CHL) Chlorococcales sp. (CHL)

colonies

VI Nitrogen-fixing filamentous  Raphidiopsis raciborskii Raphidiopsis raciborskii
(Woloszynska) Aguilera, Berrendero  (Woloszynska) Aguilera,

cyanobacteria with ;
y Gomez, Kastovsky, Echenique & Berrendero Gomez, Kastovsky,

aerotopes Echenique & Salerno (CYA)
Salerno (CYA) Anabaenopsis V.V.Miller sp.
Aphanizomenon gracile Lemmermann (CYA)
(CYA)

Taxonomics groups: BAC= Bacillariophyceae; CHL= Chlorophyceae; CYA = Cyanobacteria; CRYP= Cryptophyceae; EUG = Euglenophyceae
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Discussion

The Floc & Sink (F&S) technique acts as a measure to restore eutrophic
environments through coagulation/flocculation and sedimentation of algae biomass. Our
results demonstrate the technique’s potential when using a combination of low-dose
chemical coagulant (PAC) and natural ballasts, such as planosol, white limestone and
beige limestone, for the removal of algal biomass. Also, our study revealed that the effects
of F&S on the biomass and composition of phytoplankton groups varied according to the
morphological adaptations of the species and the application of the coagulant alone or in
combination with natural materials, used as ballast. Despite the potential of the F&S
technique reported in our study, the results suggest that environments with a great
abundance of species with aerotopes, flagella, small diatoms and in particular the
presence of Microcystis aeruginosa can hinder or even derail the effectiveness of the Floc
& Sink technique.

Morpho-functional groups, especially those utilizing positive flotation
mechanisms like aerotopes and mucilage, displayed greater resistance to sedimentation.
Effective biomass removal was achieved when combining the coagulant with natural
materials, specifically in MBFG V11 (except for Boqueirdo, which had the presence of M.
aeruginosa), and MBFG VIII (nitrogen-fixing filamentous cyanobacteria with aerotopes)
groups. Additionally, the MBFG IV group, composed of medium-sized organisms
without specialized flotation structures, was removed by sedimentation in all treatments
for both reservoirs. Our experiments demonstrated that phytoplankton species with
adaptive mechanisms, such as those belonging to MBFG group VIII (such as
Raphidiopsis raciborskii, Anabaenopsis sp. and Aphanizomenon gracile), nitrogen-fixing
filamentous cyanobacteria with aerotopes, can be removed with the combinations of the
coagulant and natural material ballasts.

The F&S technique takes into account the variability of environmental conditions
and water quality, as the presence of organisms, pH, and humic substances can affect its
efficacy. The high pH values and humic substances found in this study may have
interfered with the coagulation process. Studies have shown that PAC has its best
efficiency when pH values are below and the reservoirs in this study had pH values higher
than 8 (Aradjo et al., 2018b; Habtemariam et al., 2021). The pH affects surface charges,
the forms of coagulants, and impurities to be removed. In a pH range of 6.0-7.0,

coagulation is more favorable due to the presence of positively charged aluminum species
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promoting floc formation (Pernitsky & Edzwald, 2006; Naceradska et al., 2019).
Therefore, the high pH in our study may have adversely affected coagulation.

The addition of PAC can decrease the pH of water due to the presence of aluminum,
as hydrogen ions are released during the hydrolysis of aluminum-based coagulants
(Cooke et al., 2005; Lirling and Oosterhout, 2013). In our study, PAC reduced the pH by
at least one unit in all reservoirs, but the pH values remained within the range considered
safe (6-9) for aquatic organisms (Cooke et al., 2005; Janéula and MarSalek, 2011). PAC
causes less pH reduction and also has the advantage of being effective at a lower dose
compared to other coagulants (Julio et al., 2010).

The presence of humic substances can also affect the efficiency of Floc & Sink, as
the coagulation process is influenced by organic matter, which is mostly composed of
humic substances (Edzwald, 1993; Naceradska et al., 2019). Humic substances are
negatively charged (Yan et al., 2008) and can react with aluminum, forming complexes
and adsorbing onto particle surfaces, thereby hindering coagulation in algal-rich waters
(Pernitsky & Edzwald, 2006). In this regard, a higher concentration of humic substances
increases the amount of negative charges in the water, which may require a higher dose
of coagulant (Pernitsky & Edzwald, 2006). Furthermore, humic substances can decrease
after application as a portion of the sediment along with the flocs, which corroborates
with our findings of decreased humic substance levels (Liu et al., 2009; Lirling &
Oosterhout, 2013b). pH and humic substances directly affect the effectiveness of the
technique, impairing coagulation, which may form smaller flocs and consequently affect
sedimentation, then despite the sedimentation of more than 60% of the total biomass, the
values of chlorophyll-a remained elevated for both reservoirs.

The flakes that form are often not able to settle with just the use of PAC, remaining
on the surface, as they normally have a low density (Henderson et al., 2008; Noyma et
al., 2017). Therefore, the addition of a weighting agent is important to facilitate biomass
sedimentation (Lurling & Oosterhout, 2013a). Natural materials combined with PAC
have shown promising results in algal biomass removal (de Magalhdes et al., 2017;
Noyma et al., 2017). Additionally, these weighting agents can also serve as adsorbents
(Monicelli et al., 2021), but they are only applicable where internal loading is the main
driver of algal proliferation, making cheaper and easily accessible weighting agents more
suitable than more expensive compounds like modified clays (Noyma et al., 2017).

The morphology of algal cells can also have a significant impact on coagulation

(Arruda et al., 2021). Flocs formed by filamentous species, such as Raphidiopsis
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raciborskii, are generally larger than those formed by spherical unicellular species (Li et
al., 2018). Arruda et al (2021) in their study, observed that when PAC was used,
filamentous species tended to sink while colonial spherical species tended to float (Arruda
et al., 2021). Therefore, the effectiveness in reducing algal biomass and the impact of
Floc & Sink on phytoplankton composition will depend on the dominant species (Miranda
etal., 2017; Noyma et al., 2017) and their different adaptive flotation strategies to remain
in the water column (Lucena-Silva et al., 2022; Kruk et al., 2010; Reynolds, 2006).

The F&S technique had a significant impact on the phytoplankton composition,
particularly with respect to morpho-functional traits (MBFG by Kruk et al., 2010) related
to adaptive strategies to sedimentation resistance, such as the presence of aerotopes and
mucilage sheath (Lucena-Silva et al., 2022). This suggest that a functional approach is
more appropriate for this kind of study than focusing on individual species or taxonomic
groups.

Species belonging to the MBFG 1V group showed biomass reduction in all
treatments in both reservoirs. Their removal is facilitated due to being medium-sized
organisms without specialized traits, such as filamentous cyanobacteria without aerotopes
and chlorophyte species, solitary cells or in colonies. However, the removal of these non-
target species (Scenedesmus sp., Tetraedron minimum, Monactinus simplex, Closterium
sp. and Chlorella sp., which are considered an important energy source in the aquatic
food chain (Kruk et al., 2010), may not be desirable in lake mitigation processes.

The MBFG V group remained in the phytoplankton community after the
application of the technique due to the presence of flagella, which is also a mechanism of
resistance to sedimentation (Kruk et al., 2010). Flagella can give organisms the ability to
avoid flocculation or swim out of the flocs (Pieterse & Cloot, 1997; Lucena-Silva et al.,
2022). The persistence of this group in the water can have positive implications, as
indicated in the study by Lucena-Silva et al. (2022), as species in this group can be
considered high-quality nutritional sources (Sterner and Elser, 2002). The chlorophytes
and cryptophytes belonging to MBFG IV and V groups are considered high-quality food
sources due to their high concentrations of fatty acids (Ahlgren et al., 1990; Wenzel et
al., 2012). Therefore, their sedimentation may not be desirable, but in conditions of
bloom, it is important to reduce the trophic state. Thus, considering the palatability and
nutritional value of phytoplankton species is important.

In the case of MBFG VI group, composed exclusively of diatoms, the observed

results in both tested reservoirs showed that despite having a silica cell wall, which gives
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the cell a higher density than water and favors rapid sedimentation (Reynolds, 2006;
Naselli-Flores et al., 2021), there was no reduction in biomass in any of the applied
treatments. This may be due to the species present in the reservoirs being the small and
not the large diatoms.

Our study is consistent with the findings of Lucena-Silva et al. (2022) and Lucena-
Silva et al. (2019), where sedimentation of MBFG VI species occurred, in these studies
there was no presence of Microcystis aeruginosa. Due to the presence of mucilage sheath
and aerotopes, two attributes of positive flotation, there was no removal of biomass from
Group VII in Boqueirdo, where Microcystis was present. M. aeruginosa generally
demonstrated resistance to sedimentation despite the formation of aggregates in the tubes
after the addition of coagulants (de Magalh&es et al., 2017; Miranda et al., 2017). In some
cases, the coagulation and sedimentation of Microcystis occurred, but the coagulant dose
needed to be double the amount used in this study, 8 mg L™ of PAC (de Magalhies et al.,
2017; Miranda et al., 2017).

The group VI, predominated per Raphidiopsis raciborskii, only sedimented after
the application of PAC plus natural ballasts, this occurs due to the presence of aerotopes.
Other studies showed that this organism was not removed after the isolated application of
coagulant or ballast (Miranda et al., 2017; Aradjo et al., 2018b; Lucena-Silva et al., 2019;
Lucena-Silva et al., 2022), the addition of PAC isolated, in some cases, promoted the
flocs formation, with however, these floc did not settle, remaining at the top of the tubes
(Miranda et al., 2017; Araujo et al., 2018b). However, similar to our study, R.raciborskii
the was removed with the PAC + ballast combination (Miranda et al., 2017; Aradjo et al.,
2018b; Lucena-Silva et al., 2019; Lucena-Silva et al., 2022), showing the importance of
adding ballasts. Also, the reduction of the Group VIII is important as it contains species
of cyanobacteria that produce toxins, such as R. raciborskii (Kruk et al., 2010; Reynolds
etal., 2014).

There is still a significant knowledge gap regarding its effects on the
phytoplankton community. Little is addressed about diversity and species composition
attributes, even in a functional approach. Therefore, we emphasize the recommendation

for a larger scale temporal assessment to be conducted.

Conclusions
The Floc & Sink technique has proven effective in sedimenting algal biomass with

the addition of coagulants and natural ballast materials (PAC + planosol; PAC + beige
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limestone; PAC + white limestone). The use of these natural ballasts can be used as
alternatives to expensive commercial products for algal biomass sedimentation.

Group MBFG 1V sedimented with the use of coagulant alone and combination.
Grupo VIII (with the presence of aerotopes) it only sedimented after the combination off
coagulants plus ballasts. Microcystis aeruginosa (Group VII) did not sedimented, but in
the absence of this species, other organisms, such as chlorophytes with mucilage sheath,
also belonging to the same group, was sedimented in all treatments. Group MBFG V and
MBFG VI did not sediment after any treatment. Therefore, environments with a high
abundance of species possessing aerotopes, flagella, small diatoms, and Microcystis

aeruginosa may hinder or compromise the effectiveness of the Floc & Sink technique.
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RESUMO

Técnicas de mitigacao da eutrofizacdo que focam no manejo do ciclo biogeoquimico do
fosforo (P) tém ganhado destaque, pela sua facilidade de manejo em comparagdo ao
nitrogénio. A técnica Floc & Lock (F&L) tem como objetivo a retirada do fésforo total
da coluna d’agua e inativagao do fosforo liberado do sedimento, utilizando coagulantes e
materiais adsorventes. A escolha do coagulante e do adsorvente deve ser baseada na
seguranga, custos, disponibilidade e eficacia dos produtos. Dentre os adsorventes a
bentonita modificada com lantanio (BML), uma argila comercial, apresenta bons
resultados de adsorgdo de P, porém com um alto custo. Assim outros materiais, como 0s
a base de calcio, tém sido testados em combinacdo com a BML para avaliar se podem ser
eficientes e mais vidveis economicamente. Logo, o objetivo desse trabalho foi testar a
eficiéncia da técnica Floc & Lock na mitigacao da eutrofizacdo, em um experimento em
escala de laboratdrio, com &guas de um reservatorio da regido semiarida tropical. O
experimento foi conduzido em tubos de pvc contendo 1,7L de 4gua e 4509 de sedimento,
ambos do reservatorio Boqueirdo de Parelhas. Os tratamentos testados foram: Cloreto de
PoliAluminio (PAC); BML; PAC+BML; PAC+BML+Calcario Bege (CB). As unidades
experimentais foram encubadas em temperatura ambiente (26°+1°), sob luz natural, com
ciclo de claro/escuro 12:12h por 47 dias. Para analise de dados foi realizada uma analise
variancia one way e havendo diferenca estatistica, foi realizado o teste de Tukey. N0ssos
resultados mostraram remocdo da biomassa algal (clorofila-a-Chla) e fosforo total (PT)
desde o primeiro dia ap6s a aplicacdo (em todos os tratamentos). No final do experimento
os valores de clorofila-a foram reduzidos, inclusive para o controle, mas os valores dos
tratamentos ainda foram menores (p<0,05). Ao longo do tempo foi observado um
aumento na concentracao de fosforo reativo soltvel (FRS) no controle e no PAC e a partir
do dia 32 para os demais tratamentos. Apesar disso, os valores das taxas de liberacdo de
FRS nos tratamentos foram estatisticamente menores que no controle, sendo o tratamento
PAC+BML+CB foi tdo eficaz quanto a utilizacdo sozinha da BML e a combinacdo do
PAC+BML. A liberacdo de fésforo no controle provavelmente ocorreu devido ao alto pH
e ao aumento da temperatura, entretanto os valores de Chla ndo aumentaram devido,
provavelmente, a presenca de picoplancton autotréfico, que contribui com baixos valores
de biomassa. No caso dos tratamentos com os materiais adsorventes, 0 aumento das taxas
de liberacdo de fosforo pode estar associado a alta temperatura e a mineralizacdo da
biomassa algal sedimentada, bem como do fésforo organico presente na dgua. N0ss0s
resultados indicaram que a técnica F&L reduziu a liberacdo do fosforo no sedimento, e
removeu a biomassa algal por sedimentacéo algal e que o tratamento PAC+BML+CB foi
tdo eficaz quanto a utilizacdo sozinha da BML e a combina¢do do PAC+BML. Dessa
forma, o calcério bege possui alto potencial de utilizacdo para capeamento do sedimento,
como uma alternativa economicamente mais viavel que a BML.

Palavras-chave: Bentonita modificada com lantanio; calcario bege; clorofila-a;

capeamento do sedimento.
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ABSTRACT

Eutrophication mitigation techniques that focus on managing the biogeochemical cycle
of phosphorus (P) have gained prominence, due to their ease of management compared
to nitrogen. The Floc & Lock (F&L) technique aims to remove total phosphorus from the
water column and inactivate phosphorus released from the sediment, using coagulants
and adsorbent materials. The choice of coagulant and adsorbent must be based on the
safety, costs, availability and effectiveness of the products. Among the adsorbents,
lanthanum-modified bentonite (LMB), a commercial clay, presents good P adsorption
results, but at a high cost. Therefore, other materials, such as those based on calcium,
have been tested in combination with LMB to assess whether they can be efficient and
more economically viable. Therefore, the objective of this work was to test the efficiency
of the Floc & Lock technique in mitigating eutrophication, in a laboratory scale
experiment, with water from a reservoir in the tropical semi-arid region. The experiment
was conducted in PVC tubes containing 1.7L of water and 4509 of sediment, both from
the Boqueirdo de Parelhas reservoir. The treatments tested were: PolyAluminum Chloride
(PAC); LMB; PAC+ LMB; PAC+ LMB +Beige Limestone (BL). The experimental units
were incubated at room temperature (26°+1°), under natural light, with a 12:12h light/dark
cycle for 47 days. For data analysis, a one-way analysis of variance was performed and
if there was a statistical difference, the Tukey test was performed. Our results showed
removal of algal biomass (chlorophyll-a-Chla) and total phosphorus (TP) from the first
day after application (in all treatments). At the end of the experiment, chlorophyll-a values
were reduced, including for the control, but the treatment values were still lower (p<0.05).
Over time, an increase in the concentration of soluble reactive phosphorus (SRP) was
observed in the control and PAC and from day 32 for the other treatments. Despite this,
the values of FRS release rates in the treatments were statistically lower than in the
control, with the PAC+LMB+BL treatment being as effective as the use of LMB alone
and the combination of PAC+ LMB. The release of phosphorus in the control probably
occurred due to the high pH and increased temperature, however Chla values did not
increase due, probably, to the presence of autotrophic picoplankton, which contributes to
low biomass values. In the case of treatments with adsorbent materials, the increase in
phosphorus release rates may be associated with high temperature and the mineralization
of sedimented algal biomass, as well as organic phosphorus present in the water. Our
results indicated that the F&L technique reduced the release of phosphorus into the
sediment and removed algal biomass through algal sedimentation and that the PAC+
LMB +CB treatment was as effective as the use of LMB alone and the combination of
PAC+ LMB. Therefore, beige limestone has a high potential for use in sediment capping,
as an economically more viable alternative than LMB.

Keywords: Lanthanum-modified bentonite; beige limestone; chlorophyll-a; sediment
capping
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1. INTRODUCAO

Técnicas de mitigacdo da eutrofizacdo que focam no manejo do ciclo
biogeoquimico do fosforo (P) tém ganhado destaque, pela sua facilidade de manejo em
comparacgao ao nitrogénio (N), devido a capacidade de fixacao de nitrogénio atmosférico
por algumas espécies de cianobactérias (Conley et al., 2009). A técnica Floc & Lock tem
como objetivo a retirada do fosforo total da coluna d’agua e inativagdo da carga de fosforo
liberada do sedimento (P dissolvido) (Van Oosterhout & Lurling, 2011; Lirling &
Oosterhout, 2013; Lirling & Mucci, 2020). Essa técnica usa uma combinacdo de
coagulante, para floculagcdo da biomassa algal (retirando o P particulado da coluna de
agua), com adsorvente que ajuda na sedimentacdo da biomassa algal, dando peso aos
flocos formados (Lirling & Oosterhout, 2013; Lurling et al., 2016). Além disso, o
adsorvente se liga ao P reativo solavel, indisponibilizando o nutriente, formando assim,
uma camada quimica no sedimento que impede a liberagdo do P para a coluna d’agua,
(Ldrling & Oosterhout, 2013; Larling et al., 2016). Dentre os coagulantes, a utilizagdo do
Cloreto de PoliAluminio (PAC) é bastante difundida e mostra bons resultados de
coagulagdo/floculacéo e remogéo de biomassa algal (Jancula & Marsalek, 2011; ; Araujo
etal., 2018; Lucena-Silva et al., 2019; Lurling et al., 2020).

Com relacdo aos adsorventes de fosforo, destaca-se a bentonita modificada com
lantanio (BML; Phoslock®) com bons resultados de adsorc&o de P (Liirling & Oosterhout,
2013; Copetti et al., 2015; Mucci et al., 2018), porém com alto custo, dificultando o seu
uso em escala real em paises subdesenvolvidos (Mucci et al., 2018). Dessa forma,
materiais naturais tém sido testados como alternativa mais vidvel economicamente a
BML, como solos naturais do entorno dos ecossistemas (de Magalhdes et al., 2017;
Miranda et al., 2017; Mucci et al., 2018; Monicelli et al., 2021). Com 0 objetivo de
diminuir os custos da BML, pode-se testar a combinacdo da BML com materiais naturais
e observar sua eficiéncia. Os materiais naturais que possuem capacidade de adsorcao altas
sdo geralmente sdo a base de ferro, aluminio e célcio (Douglas et al., 2016). Os calcarios,
carbonatos e calcérios dolomiticos tém sido utilizados para adsor¢cdo de P em &guas
naturais e residuarias (Douglas et al., 2016; Wu et al., 2022; Xu et al., 2022; Lu et al.,
2023). Devido a alta afinidade que o calcio possui com o fosforo, a adicdo desse material
aos adsorventes pode trazer uma maior eficiéncia na inativagao do fésforo do sedimento
(Lu et al., 2023). Por isso, tratamentos combinados de BML com célcio podem ser

eficientes e mais baratos do que a BML sozinha.
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A escolha do coagulante e do adsorvente deve ser baseada na seguranca, custos,
disponibilidade e eficicia dos produtos (Lurling et al., 2020). Logo, para atestar a
utilizacdo dos materiais adsorventes é necessario: testar a sua eficiéncia em condicoes
ambientais realistas e condizentes com 0s ambientes aquaticos; observar o seu custo-
beneficio, pois mesmo que um solo natural ndo tenha a mesma eficiéncia que materiais
modificados, ele ainda pode ser uma alternativa viavel; testar a sua seguridade, uma vez
que o material ndo deve causar nenhum efeito indesejado nos organismos aquaticos
(Douglas et al., 2016; Mucci et al., 2018). Assim, testar os adsorventes em laboratorio em
condicdes realistas, testando as suas interacdes fisico-quimicas se torna crucial, sendo um
pré-requisito antes da aplicacdo em ambientes naturais (Lirling et al., 2016; Mucci et al.,
2018).

No semidrido tropical, além da vulnerabilidade natural da regido a eutrofizacéo
por suas elevadas temperaturas, alto tempo de residéncia da agua e balanco hidrico
negativo (Barbosa et al., 2012), existem poucos estudos sobre a eficiéncia do Floc &
Lock. Um dos estudos mostra a eficiéncia da BML combinado com PAC no capeamento
do sedimento e que esse efeito durou 42 dias, até um evento de ressuspensao (Cavalcante
et al., 2022). O outro estudo mostra que a adicdo de PAC e BML foi capaz de reduzir as
concentragOes de fosforo e clorofila-a, entretanto esse é estudo de curto prazo em que as
analises realizadas sdo em até 72h (Severiano et al., 2023).

Dessa forma, diante da necessidade de estudos na regido semiarida tropical, de
longo prazo e de testes com materiais naturais, o objetivo desse trabalho foi testar a
eficiéncia da técnica Floc & Lock na mitigacéo da eutrofizagdo, em um experimento em
escala de laboratdrio, com aguas de um reservatério da regido semidrida tropical. Sendo
assim, nosso estudo hipotetizou que:

i.  Atécnica é capaz de remover a biomassa algal, imobilizar o fosforo presente
no sedimento, diminuindo a fertilizacao interna;

ii.  Acombinacdo do PAC + BML + calcério é tdo eficiente quanto a utilizacdo

de apenas PAC+BML, sendo uma alternativa com um potencial mais

econdmico em uma futura aplicagdo de escala real.
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2. METODOLOGIA

2.1. Amostragem

A coleta de &gua e sedimento para o experimento foi realizada no reservatério
Boqueirdo de Parelhas, situado no municipio de Parelhas, na microrregido do Serido
Oriental do estado do Rio Grande do Norte (Figura 1). O reservatorio Boqueirdo faz parte
da bacia hidrogréafica do Pianco Piranhas/Assu, e situa-se na sub-bacia do Rio Serido. O
clima da regido ¢ caracterizado como muito quente e semiarido, do tipo BS’h’ segundo a
classificacdo de Koppen (Alvares et al., 2014). A pluviosidade média anual da regido é
de 568,2 mm, com periodo chuvoso entre os meses de feveiro a maio, temperatura média
anual de 27,5 °C e 64% de umidade relativa média anual. O volume méaximo do
reservatorio é de 84,79 hms, em uma érea de 1.519,00 km? (ANA, 2016). Nos ultimos
anos o reservatorio tem apresentado uma degradacédo da qualidade da dgua devido as secas
prolongadas e as alteracdes no uso e ocupacao do solo, que intensificam a eutrofizacdo
(Santos et al., 2021; Cunha et al., 2022).

A coleta de &gua foi realizada em agosto de 2023, proximo ao ponto de captagdo
e aproximadamente a 50 cm da superficie da dgua, com auxilio da garrafa de van Dorn.
A agua foi armazenada em dois galGes de 20L escuros e transportadas ao laboratério em
temperatura de aproximadamente 22°C. O reservatorio se encontra com um volume
pequeno (8,6% do total) e com 3,5m de profundidade no ponto de coleta (Tabela 1).

Amostras de sedimento foram coletadas com o Kajac corer (50 cm de
comprimento, 7 cm de diametro) até totalizar 9kg de sedimento. Foram considerados
apenas 0s 10 primeiros centimetros, que é normalmente a camada utilizada nos
experimentos por ser a camada mais reativa, e portanto, a que mais tem troca de nutrientes
com a agua (Jensen et al., 2015). Apos a coleta, as amostras de sedimento foram colocadas
em potes fechados e transportadas até o laboratério em uma temperatura de

aproximadamente 22°C.
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Figura 1 — Localizag&o do reservatorio Boqueirdo de Parelhas.
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Tabela 1 — Caracteristicas da &gua no més de coleta e do sedimento do reservatorio

Boqueirdo de Parelhas

Parametro Resultado
Volume (%) 8,6
Profundidade do ponto de coleta (m) 3,5
Transparéncia de secchi (m) 0,57
Zona eufotica (m) 1,71
P-total no sedimento (g de P Kg?) 0,663
P-movel no sedimento (g de P Kg?) 0,303
P-agua no sedimento (g de P Kg™) 0,042
P-BD no sedimento (g de P Kg?) 0,031
P-NaOH (g de P Kg?) 0,140
nrP (g de P Kg?) 0,090

Fonte do P do sedimento: Rocha Junior et al. (2024).

2.2. Materiais

O coagulante utilizado foi o Cloreto de polialuminio (PAC; Al20z = 16.2%),

cedido pela Bauminas Quimica. Os adsorventes utilizados foram: a bentonita modificada
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com lantanio (BML; Phoslock®), cedida pela HydroScience, Brasil, e o Calcério Bege
(CB), um calcério dolomitico cedido pela BQMIL.

A dose do PAC foi fixada em 4 mg L™ de aluminio, por ser uma dose efetiva na
coagulacao da biomassa em reservatorios no semiarido (Araujo et al., 2018). A dose dos
adsorventes foi baseada na quantidade de fosforo moével no sedimento, da quantidade de
sedimento colocada e da &rea do tubo. A quantidade de fésforo movel (P-4gua+ P-BD+
P-NaoH+nrp) presente no sedimento do reservatdrio de Boqueirdo de Parelhas é de 0,303
g de P Kg* de sedimento (Tabela 1; Rocha Junior et al., 2023).

A dose da BML recomendada é de 100:1 para a razdo BML:Fo6sforo do sedimento
(Lurling & Oosterhout, 2013), assim foram adicionados 10,87 g de BML. A dose aplicada
para o calcario bege no experimento foi calculada com base na sua capacidade maxima
de adsorcdo, que é de 1.7 mg g (Becker et al., 2023). A dose adicionada do BML +
Calcario Bege foi 50% da dose recomendada para cada um dos adsorventes
individualmente (5,43g de BML e 17,3g de CB).

2.3 Delineamento experimental

A eficacia da técnica em reduzir a fertilizacdo interna foi testada através de
aplicacdo isolada e combinada do coagulante e dos adsorventes: Controle; PAC; BML;
PAC+BML; PAC+BML+Calcario Bege, cada um com 4 réplicas, totalizando 20
unidades experimentais, nas doses ja mencionadas. O Calcario Bege foi testado em
combinacdo com o BML como uma forma de diminuir os custos com a aplicacdo BML.

Foram adicionados 450g de sedimento e 1700ml de &gua do reservatorio
Boqueirdo em tubos de pvc opacos (30 cm de altura e 10 cm de didmetro). Apds isso, 0s
tubos foram deixados em repouso por 24h, devido a ressuspensdo do sedimento que
acontece na montagem das unidades experimentais.

Apos as 24h de repouso os produtos foram adicionados e em seguida foi feita uma
agitacdo com auxilio de bastdo de vidro, por 30 segundos. Nos tratamentos com
combinacéo de coagulante e adsorvente, primeiro foi adicionado o PAC e, em seguida, 0
adsorvente. As unidades experimentais foram encubadas em temperatura ambiente
(26°£1°) e na luz natural, com ciclo de claro/escuro 12:12h. As amostragens nas unidades
experimentais foram realizadas nos dias: 0 (antes da aplicacao); 1 (ap0os 24h da aplicacao),
4,7, 14; 21; 32 e 47 (Figura 2).

111



ujwpnjuyn

PAC+
Controle PAC+ BML BML+Cal bege
1700ml de agua 47 dias pH, OD, temperatura,
+ Temperatura e luz turbidez, subs. humicas,
450g de sedimento natural (ciclo 12:12h) FRS, PT, NO; e Chl-a

Figura 2 Delineamento experimental do Floc & lock. PAC: Policloreto de aluminio; Cal
bege = calcério bege; OD= Oxigénio dissolvido; subs. Himicas = substancias himicas;
FRS= Fosforo Reativo Soltvel; NO3 = Nitrato; PT= Fésforo Total; Chl-a = clorofila-a.

2.4 Variaveis analisadas

As analises oxigénio dissolvido (OD) e temperatura (MO-9000), foram realizadas
dentro das unidades experimentais. Em seguida uma aliquota de 70ml foi coletada para
as andlises de: pH (Hach); turbidez (PoliControl AP2000); fdsforo reativo sollvel
(filtrada com membrana de fibra de vidro de 0.45 pm) (Murphy & Riley, 1962),
substancias humicas (filtrada em membrana de celulose de 0.45 um) e analisadas por
espectrofotometria em absorbancia 254 nm (Westerhoff & Anning, 2000); fosforo total
(Murphy & Riley, 1962; Valderrama, 1981); e clorofila-a foi extraida com etanol a frio
(Jespersen & Christoffersen, 1987). Apos a coleta dos 70ml nos tubos, a 4gua nao foi
respota, tendo em vista que foi usada a agua natural dos reservatdrios. O fésforo organico
(P org) foi determinado pela diferenca do fosforo total e fésforo reativo soltvel (FRS).

2.5 Taxa de liberacéo de P
O calculo da taxa da liberagéo foi realizado de acordo com as concentragdes na
agua por dia de analise (Equacédo 1) (He et al., 2017).

Equacdo 1: PFlux = (%)/1000
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Onde,
Pflux = fluxo de FRS do sedimento para a 4gua (mg m2d %)
Ct = concentragio de P na 4gua no tempo “t” (ug L™?)
Ci = concentracgao inicial (Dia 0) de P na 4gua (ug L™)
V = Volume inicial de agua=1,7 L
A = érea da superficie do sedimento no copo ou area da base do copo = 0,0078 m?

t = Tempo de duracéo do experimento = 32 e 47 dias

2.6 Anélise dos dados

Primeiramente foi realizado o teste de Shapiro-Wilk para verificar a normalidade
dos dados e o teste de Levene para verificar a homogeneidade da variancia. Apos verificar
0s pressupostos, foi realizada uma analise variancia one way (ANOVA; p<0,05) para
clorofila-a, fosforo total e turbidez do dia 1, para todas as variaveis medidas e para a taxa
de liberacdo nos dias 32 e 47. Havendo diferenca estatistica, foi realizado o teste de Tukey
(p<0,05), para verificar a diferenca entre os tratamentos e o controle. Todas as analises

foram realizadas no software R Studio.

3. RESULTADOS

As condicBes ambientais do experimento eram de pH alcalino, com média de 8,01
e variando de 7,41 a 8,75 ao longo do tempo (Figura 3a). A temperatura da agua mostrou
um aumento ao longo do tempo e variou entre 25,2° C e 27,8 °C (Figura 3b). O oxigénio
dissolvido variou entre 3 e 5 mg L, apresentando condigBes dxicas durante todo o
experimento, ndo havendo diferenca estatistica (p=0,144 e p=0,679; Figura 3c). A
absorbancia 254 nm (substancias himicas) permaneceu estavel no controle (<0,310nm)
e todos os tratamentos diminuiram os valores de absorbancia 254 (Figura 3d; p<0,005),

tendo o PAC maiores valores do que os tratamentos com adicéo de adsorvente (p<0,005).

113



a
) 9.0

-~ Controle
8.5 -m- PAC
L0 e BT BML
e -8~ PAC+BML
7.5 PAC+BML+CB

Dia1 Dia4 Dia7 Dia14 Dia21 Dia 32 Dia 47

b)
g 28
® 27
-]
@ 26
a -
£ 25 -
Q
[t
Dia1 Dia4 Dia7 Dia14 Dia21 Dia 32 Dia 47
c) 5
< 4
-
o 3
£ 2
a
© 1
Dia1 Dia4 Dia7 Dia14 Dia21 Dia 32 Dia 47
d)
0.4-
E -— —e- - ——%
‘E' 0.3' LM _.____A—-".' """" L
----- B 2 'y RFRSEEY - CTTIT
§ """ ; TG 43 -------- ¥ SR &=ir = SO
2 0.2
<

Dia1 Dia4 Dia7 Dia14 Dia21 Dia 32 Dia 47

Figura 3 Resultados do Floc & Lock ao longo do tempo para as varidveis de: a) pH; b)
Temperatura; ¢) OD (oxigénio dissolvido); d) Abs 254 (substéncias humicas).
PAC=Policloreto de Aluminio; BML = Bentonita Modificada com Lantanio; CB =
Calcério Bege. A linha vermelha representa o valor das condi¢es iniciais (TO).

No primeiro dia do experimento houve reducdo da turbidez, clorofila-a fosforo
total. A remogé&o de turbidez aconteceu nos tratamentos PAC (p<0,0001) e PAC+BML
(p<0,0001; Figura 4a). Todos os tratamentos removeram clorofila-a (Figura 4b; p<0,001),
e 0s tratamentos combinados obtiveram as menores concentragdes, diferindo dos
tratamentos com PAC (p<0,05) ou BML (p<0,05) sozinhos. O fésforo total foi removido
(PT; Figura 4e) em todos os tratamentos (p<0,05; Figura 4¢), e o fosforo organico (P org)
representava todo o fosforo total, logo tambem foi removido (Figura 4d). Os maiores

valores de remocéo de clorofila-a e fosforo total no dia 1 foram alcangados com a
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combinacdo de PAC+BML+CB. Os valores de fosforo reativo solivel (FRS) e nitrato
estavam abaixo do limite de detecgéo em todos os tratamentos (Figura 4d e Figura 4f).

Entretanto, ao longo do tempo houve um aumento na concentragdo de FRS e NOs.
para todos os tratamentos. No dia 32, o trratamento com o PAC aumentou as
concentragdes de FRS, quando comparado aos tratamentos com adsorvente (18,8 pg L;
p<0,0005). Ja os tratamentos com os adsorventes permaneceram com valores abaixo de
5ug Lt de FRS sendo menores que o controle (32ug L; p<0,0005). Os valores de nitrato
foram aumentando com o tempo e no dia 32 PAC e controle obtiveram as menores médias
e foram diferentes dos demais tratamentos (p<0,05). Ao contrario destes, ao longo do
tempo houve diminuicdo da turbidez, que se manteve até o final (Dia 47) e ndo houve
diferenca estatistica entre os tratamentos (p=0,28). Os valores de clorofila-a reduziram
no controle e permaneceram proximos a 15 pg L2, e estabilizou nos demais tratamentos
com valores abaixo de 10 pg L. No caso do fosforo total e do P org, até o dia 32 todos
os tratamentos foram decaindo, sendo menores do que o controle (p<0,001).

No ultimo dia do experimento, apesar da reducdo no controle, os valores de
clorofila-a (média de 10 pg L) em todos os tratamentos foram estatisticamente menores
que controle (p<0,05). A turbidez ndo apresentou diferenca significativa no Gltimo dia
(p=0,29), assim como o PT (p=0,06) e P org (p=0,58). No dia 47, todos os tratamentos
estavam com valores mais elevados de FRS, sendo o PAC igual ao controle (p=0,105) e
os tratamentos com adicdo de adsorvente menores que o controle (BML=19,3ug L*;
PAC+BML=14,5ug Lt e PAC+BML+CB = 16,4ug L; p<0,05). Com relagéo ao nitrato,
no dia 47 o controle (614,1 pug L) e o PAC (450,6 pg L; p=0,88) também obtiveram
meédias iguais, entretanto sendo os menores valores de NOs". Os demais tratamentos
foram, apesar da reducdo do dia 32 para 47, foram diferentes do controle e do PAC
(p<0,005) e iguais entre si (BML= 1985,0; PAC+BML=1981,8 ug L'*; PAC+BML+CB=
2180,8 ug Lt; p>0,05).
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Figura 4 Resultados do Floc & Lock ao longo do tempo para as variaveis de: a) Turbidez;
b) Chl-a (clorofila-a); ¢) FRS (Fosforo Reativo Soluvel); d) Porg (Fésforo Organico); e)
PT (Fosforo Total); f) NOs™ (Nitrato). PAC=Policloreto de Aluminio; BML = Bentonita
Modificada com Lanténio; CB = Calcario Bege. A linha preta pontilhada representa o
limite para o estado eutrofico de acordo com Thorton & Rast (1993). A linha vermelha
representa o valor das condicdes iniciais (TO).
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A partir da determinacéo da taxa de liberacéo, foi observado que houve liberacéo
de fosforo reativo soltvel em todos os tratamentos e esses valores foram mais elevados
no controle e no PAC (Figura 5). Os tratamentos com a combinacdo de coagulantes e
adsorventes apresentaram taxas semelhantes ao tratamento em que o BML foi aplicado
sozinho.

Contudo, a taxa de liberagéo nos dias 32 e 47 mostram resultados diferentes, onde
no ultimo dia foi observado um aumento na taxa para todos os tratamentos, incluindo o
controle. Apesar disso, todos os tratamentos foram diferentes do controle (p<0,05), sendo
PAC foi igual ao BML (p<0,05) e ao PAC+BML+CB (p<0,05) e os tratamentos com

adsorvente iguais entre si (p<0,05).
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Figura 5 Resultados da taxa de liberacdo de fosforo reativo soltvel (FRS) nos dias 32 (a)
e 47 (b). As letras representam a diferenca ou igualdade estatistica mostrada pelo teste de
Tukey. PAC=Policloreto de Aluminio; BML = Bentonita Modificada com Lantanio; CB
= Calcério Bege.

4. DISCUSSAO

Nossos resultados mostraram que a técnica Floc & Lock reduziu a liberacdo do
fésforo no sedimento, e removeu a biomassa algal por sedimentacdo, confirmando a
primeira hipotese do estudo. O tratamento PAC+BML+CB foi tdo eficaz quanto a
utilizagdo sozinha da BML e a combinagédo do PAC+BML, confirmando a segunda
hipdtese do nosso estudo, mostrando uma alternativa economicamente viavel de
adsorvente.

A alta eficiéncia da BML em nosso estudo corrobora com diversos outros
trabalhos (Spears et al., 2013; Copetti et al., 2015; Waajen et al., 2016, 2017; Bargante et

al., 2020). A BML remove clorofila-a em curtos periodos de tempo, a partir de 1h
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(Miranda et al., 2017; Noyma et al., 2017; Lirling et al., 2020; Arruda et al., 2021),
corroborando com nossos resultados que mostraram a sedimentacdo em 24h. Além disso,
também mostra efeitos de capeamento do sedimento, reduzindo a liberagdo do fésforo ao
longo do tempo (Lirling & Oosterhout, 2013; Waajen et al., 2016; Cavalcante et al.,
2022). Uma meta-analise mostrou que apos a adicdo da BML houve reducdo nas
concentracOes de fosforo total, fosforo reativo soluvel e clorofila-a nos lagos analisados
(Spears et al., 2016). Entretanto a BML tem um custo elevado que pode dificultar sua
aplicacdo em paises subdesenvolvidos (Mucci et al., 2018), custo esse que se maximiza
com a adicdo do PAC (Lirling & Oosterhout, 2013). Diante desse custo, os bons
resultados encontrados com a adicdo de apenas metade da BML combinados com o
calcario bege se mostram promissores para aplicacdes em escala de lago inteiro.

Compostos com adicdo de calcio mostram altas capacidades de sor¢do, devido a
alta afinidade do fosfato com o célcio (Spears et al., 2013; Douglas et al., 2016). Diversos
estudos mostram a utilizacdo de compostos de célcio (calcita, apatita, hidroxido de célcio)
como um potencializador na imobilizagdo do fésforo do sedimento, e sua eficicia em
condicdes diversas de pH e sob anoxia (Han et al., 2022; Wu et al., 2022; Xu et al., 2022;
Lu et al., 2023; Zhan et al., 2023). Essa alta capacidade de se ligar ao fosforo foi
confirmada em nosso estudo.

A sorcdo do fosforo com compostos calcarios, como o calcario bege, pode
acontecer tanto por meio da adsorcao nos sitios de ligacdo (Han et al., 2022) quanto por
meio da precipitacdo do fosfato com o calcio (Gustafsson et al., 2012). Este Gltimo é o
mecanismo dominante em pH mais elevados, que é o caso do nosso estudo, onde o ion
formado geralmente é o CaPO. (Gustafsson et al., 2012; Flower et al., 2022). A ligacao
do célcio com o fosfato é considerada estavel (Chen et al., 2023) e s6 é liberada em
ambientes com pH’s &cidos, o que ndo ¢ o caso dos ambientes semidridos, sendo uma
vantagem quando comparados adsorventes de ferro (que podem liberar P quando o
ambiente estd andxico) e de aluminio (que podem liberar P em ambientes de pH’s
alcalinos) (Zhang et al., 2020; Cavalcante et al., 2021). Logo, em ambientes com possivel
anoxia e pH >7 materiais adsorventes de P com calcio, que transformam P mével em P-
HCL, podem ser mais viaveis (Lu et al., 2023). Assim, além do menor custo, o calcario
bege possibilita a formacdo de compostos estaveis potencializando o seu uso no controle
da fertilizaco interna.

No nosso estudo os ambientes permaneceram 0Oxicos, € consequentemente nao

houve a liberacdo classica por anoxia. Provavelmente a liberacdo de fésforo ocorreu
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devido ao alto pH e ao aumento da temperatura durante o experimento. O pH interfere
nas propriedades de carga superficial das particulas (Illés & Tombacz, 2006) e na
quantidade de ions disponiveis na agua, especialmente aluminio, célcio e ferro (Jiang et
al., 2008). Em um maior pH ha predominancia de cargas negativas, logo sob pH’s
alcalinos ha maiores taxas de liberagdo de fosforo, havendo a troca de PO4*~ é trocado
por 3 OH™ (Steinberg, 2011; Wu et al., 2014; Yang et al., 2020; Cavalcante et al., 2021).
O estudo de Cavalcante et al. (2021) analisou como trés variaveis: OD, pH e temperatura
influenciaram na liberacao de fosforo e concluiu que o pH foi a que teve maior influéncia
na liberagdo de P, sendo a liberacao nos pH’s 10>8>6. Além disso, um estudo N0 mesmo
reservatorio, Boqueirdo, mostrou que a fracdo predominante de P no sedimento é o
NaOH-rP (Cavalcante et al., 2021). Dessa forma, a fracdo liberada é provavelmente a
NaOH-rP, que € o fésforo ligado a aluminio, a fragdo mais afetada por pH alcalino e altas
temperaturas (Wu et al., 2014; Cavalcante et al., 2021).

Apesar da liberagcdo constante de FRS e do aumento das taxas de liberagéo de
fésforo no grupo controle, as concentragdes de clorofila-a ndo aumentaram. 1sso pode ser
associado a presenca do picoplancton autotréfico, que contribui com baixos valores de
biomassa, mas que pode representar uma boa parte do fitoplancton em alguns
reservatorios (Amorim et al., 2020; Tamm et al., 2022). O picoplancton, apesar da
pequena contribuicdo da biomassa fitoplanctonica, desempenha um papel importante nos
ecossistemas aquaticos, pois atua na cadeia alimentar microbiana, regenerando nutrientes
e transferindo de energia para niveis troficos superiores (Cotner & Biddanda, 2002;
Silvoso et al., 2011). As picocianobactérias, em especial, tém grande afinidade e taxas
maximas de captacdo de fésforo do que outras cianobactérias devido ao seu tamanho
pequeno e alta proporc¢édo de superficie/volume (Moutin et al., 2002).

No caso dos tratamentos com adsorventes houve um aumento no fosforo reativo
soltvel e consequentemente nas taxas de liberacdo de fosforo do sedimento do dia 32 para
o0 dia 47. Esse fato pode estar associado ao aumento da temperatura e a mineralizagéo da
biomassa algal sedimentada. A temperatura tem ligagdo direta com o processo de
mineraliza¢do da matéria organica (Jiang et al., 2008), e houve um aumento dessa variavel
ao longo do tempo, em especial do dia 32 para o dia 47. A temperatura acelera os
processos quimicos e aumenta as atividades microbianas dos sedimentos, promovendo a
mineralizacdo da matéria organica, liberando o fosforo presente na superficie do
sedimento para a dgua sobrejacente (Jiang et al., 2008; Wu et al., 2014; Cheng et al.,

2020). A atividade bioldgica é importante para a transformacdo de P na interface
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sedimento e &gua, e seu metabolismo pode alterar significativamente o microambiente
circundante, assim os organismos estimulam a liberagdo de P dos sedimentos (Jiang et
al., 2008). Nossos resultados estdo de acordo com outros experimentos onde 0 aumento
da temperatura aumentou as taxas de liberacdo de fosforo do sedimento para a coluna
d’agua (Wu et al., 2014; He et al., 2017; Cheng et al., 2020; Cavalcante et al., 2021).

Isso também explica a mudanca do P orgénico para P inorgénico (FRS) em nossos
resultados. Ndo s6 a biomassa algal sedimentada foi mineralizada, como P orgéanico
presente na agua. Outro estudo também relata que houve a diminui¢do do P organico e
aumento do P total e P inorganico com o tempo mesmo apds a adi¢do da BML, onde as
menores quantidades foram observadas no 7° dia e com o tempo houve liberacdo de P
inorgénico na agua, enquanto o nivel de P organico era mantido baixo (Kong et al., 2020).
O estudo atribui a transformacéo do P organico em fosforo inorganico disponivel e a sua
liberacdo a atividade metabodlica de microrganismos.

Outro fator importante em nosso estudo foi a liberacdo do nitrato. Essa liberagao
também pode estar associada a mineralizacdo da matéria organica. Entretanto, os valores
de NO3" foram maiores quando havia a presenca da BML. Alguns estudos tém mostrado
que a BML é fonte de am6nia, NH4* (Lirling & Oosterhout, 2013; Reitzel et al., 2013;
Zeller & Alperin, 2021), isso acontece devido a presenca da amoénia na matriz da argila
bentonita (Hanway et al., 1957) e que ndo é removido no processamento do produto
(Zeller & Alperin, 2021). O estudo de Zeller & Alperin, 2021 indicou que ha a ocorréncia
da nitrificacdo quando os ambientes eram 6xicos, com aumento de NO2 e NOs™ ap6s
adicdo do BML. Assim, provavelmente foi 0 que ocorreu no nosso estudo, gerando a
formagé&o do nitrato ao longo do experimento.

E importante salientar que nossos resultados sdo testes laboratoriais, e que em
escalas maiores outras variaveis estardo envolvidas, por isso recomendamos que outros
estudos realizem em escala de mesocosmos e que os efeitos integrados com e nos
organismos plancténicos e bentbénicos sejam avaliados. Além disso, devido ao potencial
do calcério bege e a liberacdo de nitrato promovida pela BML, recomendamos teste

isolado e combinado com o PAC do CB.
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5. CONCLUSOES

e A técnica Floc & Lock reduziu a liberagdo do fésforo no sedimento, e removeu a
biomassa algal por sedimentacéo;

e O tratamento PAC+BML+CB foi tdo eficaz quanto a utilizagdo sozinha da BML e a
combinacdo do PAC+BML, por isso o calcario bege possui alto potencial de
utilizacdo para capeamento do sedimento como um material natural de menor custo.

e Observar efeitos indiretos da aplicagdo da BML, ja que houve a liberagdo
potencializada do nitrato ao utilizar este produto;

e As caractéristicas ambientais dos ecossistemas aquaticos interferem no processo de

liberacdo de fésforo, como por exemplo o pH e a temperatura.

121



Referéncias

Alvares, C. A., J. L. Stape, P. C. Sentelhas, J. L. de G. Moraes, & G. Sparovek, 2014.
Koppen’s climate classification map for Brazil. 22: 711-728.

Amorim, C. A, E. W. Dantas, & A. do N. Moura, 2020. Modeling cyanobacterial blooms
in tropical reservoirs: The role of physicochemical variables and trophic interactions.
Science of the Total Environment Elsevier B.V 744: 140659.

Arauljo, F., H. R. Dos Santos, V. Becker, & J. L. Attayde, 2018. The use of polyaluminium
chloride as a restoration measure to improve water quality in tropical shallow lakes.

Acta Limnologica Brasiliensia 30, e109.

Arruda, R. S., L. De Magalh, M. Coelho, B. Mesquita, E. C. De Almeida, E. Pinto, M.
Larling, & M. M. Marinho, 2021. Microcystins from Tropical Reservoir Water.
Toxins 13: 405.

Barbosa, J. E. de L., E. S. F. Medeiros, J. Brasil, R. da S. Cordeiro, M. C. B. Crispim, &
G. H. G. da Silva, 2012. Ecossistemas aquaticos do semi-arido brasileiro: Aspectos

limnoldgicos e manejo. Acta Limnologica Brasiliensia 24: 103-118.

Barcante, B., N. O. Nascimento, T. F. G. Silva, L. A. Reis, & A. Giani, 2020.
Cyanobacteria dynamics and phytoplankton species richness as a measure of
waterbody recovery: Response to phosphorus removal treatment in a tropical

eutrophic reservoir. Ecological Indicators Elsevier 117: 106702.

Becker, V., Monicelli, F., Araujo, F., Cunha, K. P. V., 2023. Potencial de sor¢do de
fésforo de materiais naturais do semiarido em agua deionizada. In: Iv Congreso
Iberoamericano De Limnologia, 2023, Buenos Aires. Libro de resimenes, v. 1. P.
222.

Cavalcante, H., F. Aragjo, V. Becker, & J. E. de Lucena Barbosa, 2021. Internal
phoshorus loading potential of a semiarid reservoir: An experimental study. Acta

Limnologica Brasiliensia 33: e6.

Cavalcante, H., F. Aradjo, V. Becker, & J. E. Lucena-Barbosa, 2022. Control of internal
phosphorus loading using coagulants and clays in water and the sediment of a

semiarid reservoir susceptible to resuspension. Hydrobiologia. 849:4059-4071.

122



Chen, X., L. Liu, W. Yan, M. Li, Q. Li, X. He, Z. Zhao, R. Liu, S. Zhang, Y. Huang, &
F. Jiang, 2023. Impacts of calcium peroxide on phosphorus and tungsten releases
from sediments. Environmental Research 231: 1-16.

Cheng, X., Y. Huang, R. Li, X. Pu, W. Huang, & X. Yuan, 2020. Impacts of water
temperature on phosphorus release of sediments under flowing overlying water.

Journal of Contaminant Hydrology Elsevier 235: 103717.

Conley, D. J.; Paerl, H. W.; Howarth, R. W.; 2009. Controlling Eutrophication: Nitrogen
and Phosphorus. Science, v. 323, p. 1014-1015.

Copetti, D., K. Finsterle, L. Marziali, F. Stefani, G. Tartari, K. Reitzel, B. M. Spears, 1. J.
Winfield, & G. Crosa, 2015. AC SC. Water Research Elsevier Ltd.

Cotner, J. B., & B. A. Biddanda, 2002. Small players, large role: Microbial influence on
biogeochemical processes in pelagic aquatic ecosystems. Ecosystems 5: 105-121.

Cunha, G. K. G., F. Monicelli, D. F. dos Santos, F. Aradjo, & V. Becker, 2022. 150
Simpdsio De Hidraulica E Recursos Hidricos Dos Paises De Lingua Portuguesa
Influéncia Do Uso E Ocupacio Do Solo Na Qualidade Da Agua De Um Reservatorio

No Semiérido Brasileiro. 1-10.

de Magalhdes, L., N. P. Noyma, L. L. Furtado, M. Mucci, F. van Oosterhout, V. L. M.
Huszar, M. M. Marinho, & M. Lirling, 2017. Efficacy of Coagulants and Ballast
Compounds in Removal of Cyanobacteria (Microcystis) from Water of the Tropical
Lagoon Jacarepagua (Rio de Janeiro, Brazil). Estuaries and Coasts Estuaries and
Coasts 40: 121-133.

Dodds, W. K., W. W. Bouska, J. L. Eitzmann, T. J. Pilger, K. L. Pitts, A. J. Riley, J. T.
Schloesser, & D. J. Thornbrugh, 2009. Eutrophication of U. S. freshwaters: Analysis
of potential economic damages. Environmental Science and Technology 43: 12-109.

Douglas, G. B., D. P. Hamilton, M. S. Robb, G. Pan, B. M. Spears, & M. Lurling, 2016.
Guiding principles for the development and application of solid-phase phosphorus
adsorbents for freshwater ecosystems. Aquatic Ecology Springer Netherlands 50:
385-405.

123



Flower, H., M. Rains, Y. Tasci, J. Z. Zhang, K. Trout, D. Lewis, A. Das, & R. Dalton,
2022. Why is calcite a strong phosphorus sink in freshwater? Investigating the
adsorption mechanism using batch experiments and surface complexation modeling.
Chemosphere 286: 1-13.

Gustafsson, J. P., L. B. Mwamila, & K. Kergoat, 2012. The pH dependence of phosphate
sorption and desorption in Swedish agricultural soils. Geoderma Elsevier B.V. 189
190: 304-311.

Han, M., Y. Wang, Y. Zhan, J. Lin, X. Bai, & Z. Zhang, 2022. Efficiency and mechanism
for the control of phosphorus release from sediment by the combined use of hydrous
ferric oxide, calcite and zeolite as a geo-engineering tool. Chemical Engineering
Journal Elsevier B.V. 428: 131360.

Hanway, J. J., Scott, A. D., Stanford, G., 1956. Replaceability of ammonium fixed in clay
minerals as influenced by ammonium or potassium in the extracting solution. Soil

Science Society of America Journal 21: 29-34.

He, J., D. Su, S. Lv, Z. Diao, J. Xie, & Y. Luo, 2017. Effects of sediment chemical
properties on phosphorus release rates in the sediment-water interface of the steppe
wetlands. International Journal of Environmental Research and Public Health 14: 14-
30.

lllés, E., & E. Tombacz, 2006. The effect of humic acid adsorption on pH-dependent
surface charging and aggregation of magnetite nanoparticles. Journal of Colloid and
Interface Science 295: 115-123.

Jan¢ula, D., & B. Marsalek, 2011. Critical review of actually available chemical
compounds for prevention and management of cyanobacterial blooms. Chemosphere
85: 1415-1422.

Jensen, H. S., K. Reitzel, & S. Egemose, 2015. Evaluation of aluminum treatment
efficiency on water quality and internal phosphorus cycling in six Danish lakes.
Hydrobiologia 751: 189-199.

Jespersen, A.-M., & K. Christoffersen, 1987. Measurements of chlorophyll-a from
phytoplankton using ethanol as extraction solvent. Archiv fir Hydrobiologie 109:
445454,

124



Jiang, X., X. Jin, Y. Yao, L. Li, & F. Wu, 2008. Effects of biological activity, light,
temperature and oxygen on phosphorus release processes at the sediment and water
interface of Taihu Lake, China. Water Research 42: 2251-2259.

Kong, M., F. Liu, Y. Tao, P. Wang, C. Wang, & Y. Zhang, 2020. First attempt for in situ
capping with lanthanum modified bentonite (LMB) on the immobilization and
transformation of organic phosphorus at the sediment-water interface. Science of the
Total Environment Elsevier B.V. 741: 140342.

Kromkamp, J., & A. E. Walsby, 1990. A computer model of buoyancy and vertical
migration in cyanobacteria. 12: 161-183.

Lu, Y., J. Lin, X. Wu, & Y. Zhan, 2023. Control of phosphorus release from sediment by
hydrous zirconium oxide combined with calcite, bentonite and zeolite. Chemosphere
Elsevier Ltd 332: 138892,

Larling, M., L. Kang, M. Mucci, F. van Oosterhout, N. P. Noyma, M. Miranda, V. L. M.
Huszar, G. Waajen, & M. M. Marinho, 2020. Coagulation and precipitation of

cyanobacterial blooms. Ecological Engineering Elsevier 158: 106032.

Larling, M., E. Mackay, K. Reitzel, & B. M. Spears, 2016. Editorial — A critical
perspective on geo-engineering for eutrophication management in lakes. Water
Research 97: 1-10.

Larling, M., & F. Van Oosterhout, 2013a. Controlling eutrophication by combined bloom

precipitation and sediment phosphorus inactivation. Water Research 47: 6527-6537.

Ldrling, M., G. Waajen, & F. Van Oosterhout, 2014. Humic substances interfere with
phosphate removal by lanthanum modified clay in controlling eutrophication. Water
Research 54: 78-88.

Miranda, M., N. Noyma, F. S. Pacheco, L. De Magalhdes, E. Pinto, S. Santos, M.
Fernanda, A. Soares, V. L. Huszar, M. Lirling, & M. M. Marinho, 2017. The ef fi
ciency of combined coagulant and ballast to remove harmful cyanobacterial blooms
in a tropical shallow system. Harmful Algae Elsevier B.V. 65: 27-39.

125



Monicelli, F., K. P. V. da Cunha, F. Aradjo, & V. Becker, 2021. Phosphorus sorption
potential of natural adsorbent materials from a Brazil semiarid region to control

eutrophication. Acta Limnologica Brasiliensia 33: e29.

Moutin, T., T. F. Thingstad, F. Van Wambeke, D. Marie, G. Slawyk, P. Raimbault, & H.
Claustre, 2002. Does competition for nanomolar phosphate supply explain the
predominance of the cyanobacterium Synechococcus?. Limnology and
Oceanography 47: 1562—-1567.

Mucci, M., V. Maliaka, N. Pessoa, M. Manzi, & M. Lirling, 2018. Science of the Total
Environment Assessment of possible solid-phase phosphate sorbents to mitigate
eutrophication: Influence of pH and anoxia. Science of the Total Environment
Elsevier B.V. 619-620.

Murphy, J., & J. P. Riley, 1962. A modified single solution method for the determination
of phosphate in natural waters. Analytica Chimica Acta 27: 31-36.

Noyma, N. P., L. De Magalhdes, M. Miranda, M. Mucci, F. Van Oosterhout, V. L. M.
Huszar, M. M. Marinho, E. R. A. Lima, & M. Lurling, 2017. Coagulant plus ballast
technique provides a rapid mitigation of cyanobacterial nuisance. PLoS ONE 12: 1—
16.

Paerl, H. W., & J. Huisman, 2009. Climate change: A catalyst for global expansion of

harmful cyanobacterial blooms. Environmental Microbiology Reports 1: 27-37.

Reitzel, K., K. A. Balslev, & H. S. Jensen, 2017. The influence of lake water alkalinity
and humic substances on particle dispersion and lanthanum desorption from a
lanthanum modified bentonite. Water Research Elsevier Ltd 125: 191-200.

Reitzel, K., S. Lotter, M. Dubke, S. Egemose, H. S. Jensen, & F. Andersen, 2013. Effects
of Phoslock® treatment and chironomids on the exchange of nutrients between
sediment and water. Hydrobiologia 703: 189-202.

Rocha Janior, C., Araudjo, F., Becker, V., 2024. Influence of land use on spatial
distribution of mobile phosphorus forms in the sediment of a tropical semi-arid

reservoir. Science of the Total Environment, 914: 169836.

126



Santos, D. F. dos, J. M. da Silva, & V. Becker, 2021. Increasy eutrophication symptoms
during a prolonged drought event in tropical semi-arid reservoirs, Revista Brasileira
de Recursos Hidricos, v. 26, €39, 1-13.

Schindler, D. W., R. E. Hecky, D. L. Findlay, M. P. Stainton, B. R. Parker, M. J. Paterson,
K. G. Beaty, M. Lyng, & S. E. M. Kasian, 2008. Eutrophication of lakes cannot be
controlled by reducing nitrogen input: Results of a 37-year whole-ecosystem

experiment. Proceedings of the National Academy of Sciences 105: 11254-11258.

Severiano, J. dos S., E. R. P. de Lima, D. de Lucena-Silva, D. K. G. Rocha, M. E. S.
Verissimo, B. R. S. Figueiredo, J. E. de L. Barbosa, & J. Molozzi, 2023. The role of
bioturbation triggered by benthic macroinvertebrates in the effectiveness of the Floc
& Lock technique in mitigating eutrophication. Water Research 246: 120691.

Silvoso, J., I. lzaguirre, & L. Allende, 2011. Picoplankton structure in clear and turbid

eutrophic shallow lakes: A seasonal study. Limnologica 41: 181-190.

Sendergaard, M., J. P. Jensen, & E. Jeppesen, 2003. Role of sediment and internal loading
of phosphorus in shallow lakes. Hydrobiologia 506-509: 135-145.

Spears, B. M., E. B. Mackay, S. Yasseri, I. D. M. Gunn, K. E. Waters, C. Andrews, S.
Cole, M. De Ville, A. Kelly, S. Meis, A. L. Moore, G. K. Nurnberg, F. van
Oosterhout, J. A. Pitt, G. Madgwick, H. J. Woods, & M. Lirling, 2016. A meta-
analysis of water quality and aquatic macrophyte responses in 18 lakes treated with
lanthanum modified bentonite (Phoslock®). Water Research Elsevier Ltd 97: 111—
121.

Spears, B. M., S. Meis, A. Anderson, & M. Kellou, 2013. Comparison of phosphorus (P)
removal properties of materials proposed for the control of sediment p release in UK
lakes. Science of the Total Environment Elsevier B.V. 442: 103-110.

Steinberg, C. E. W., 2011. Aerobic phosphorus release from shallow lake sediments.
Science of the Total Environment Elsevier B.V. 409: 4640-4641.

Tamm, M., T. N8ges, P. Noges, K. Panksep, P. Zingel, H. Agasild, R. Freiberg, T. Hunt,
& 1. Tonno, 2022. Factors influencing the pigment composition and dynamics of

photoautotrophic picoplankton in shallow eutrophic lakes. PLoS ONE 17: 1-21.

127



Thornton, J.A.; Rast, W. 1993. “A test of hypothesis relating to the comparative
limnology and assessment of eutrophication in semi-arid man-made lakes”.

Dordrecht: Kluwer Academic Publishers, pp. 1-24.

Valderrama, J. C., 1981. The simultaneous analysis of total nitrogen and total phosphorus

in natural waters. Marine Chemistry 10: 109-122.

Van Oosterhout, F., & M. Liirling, 2011. Effects of the novel “Flock & Lock™ lake
restoration technique on Daphnia in Lake Rauwbraken (The Netherlands). Journal of
Plankton Research 33: 255-263.

Waajen, G., M. Pauwels, & M. Lirling, 2017. Effects of combined flocculant —
Lanthanum modified bentonite treatment on aquatic macroinvertebrate fauna. Water
Research 122: 183-193.

Waajen, G., F. van Oosterhout, G. Douglas, & M. Lurling, 2016. Management of
eutrophication in Lake De Kuil (The Netherlands) using combined flocculant —

Lanthanum modified bentonite treatment. Water Research Elsevier Ltd 97: 83—95.

Westerhoff, P., & D. Anning, 2000. Concentrations and characteristics of organic carbon
in surface water in Arizona: Influence of urbanization. Journal of Hydrology 236:
202-222.

Wu, D., Y. Zhan, J. Lin, Z. Zhang, & B. Xie, 2022. Contrasting effect of lanthanum
hydroxide and lanthanum carbonate treatments on phosphorus mobilization in

sediment. Chemical Engineering Journal Elsevier B.V. 427: 132021.

Wu, Y., Y. Wen, J. Zhou, & Y. Wu, 2014. Phosphorus release from lake sediments:
Effects of pH, temperature and dissolved oxygen. KSCE Journal of Civil Engineering
18: 323-329.

Xu, C., W. Yue, P. Sun, S. Chen, Z. Wu, N. Xu, L. Tang, G. Sheng, & D. Li, 2022.
Positive remediation on sedimentary P by combination of capping with calcium
hydroxide and oxidation with perhydrol. Journal of Environmental Sciences (China)
Elsevier B.V. 112: 170-179.

128



Yang, C., P. Yang, J. Geng, H. Yin, & K. Chen, 2020. Sediment internal nutrient loading
in the most polluted area of a shallow eutrophic lake (Lake Chaohu, China) and its
contribution to lake eutrophication. Environmental Pollution Elsevier Ltd 262.

Zeller, M. A., & M. J. Alperin, 2021. The efficacy of Phoslock® in reducing internal
phosphate loading varies with bottom water oxygenation. Water Research X Elsevier
11: 100095.

Zhan, Y., B. Qiu, & J. Lin, 2023. Effect of common ions aging treatment on adsorption
of phosphate onto and control of phosphorus release from sediment by lanthanum-
modified bentonite. Journal of Environmental Management Elsevier Ltd 341:
1181009.

Zhang, H., J. Chen, M. Han, W. An, & J. Yu, 2020. Anoxia remediation and internal
loading modulation in eutrophic lakes using geoengineering method based on oxygen
nanobubbles. Science of the Total Environment Elsevier B.V. 714: 136766.

129



CONSIDERACOES FINAIS

O objetivo desta tese foi respondido através dos capitulos mostrados. A primeira
parte do objetivo “Analisar as respostas da comunidade planctonica diante de técnicas
quimicas de mitigacdo da eutrofizacdo” foi atestado nos capitulos 1 ¢ 2. O primeiro
capitulo desta tese mostrou que as técnicas fisicas e quimicas de controle da eutrofizagédo
t sido bastante estudadas e tem ocorrido mais interesse nelas ao longo dos anos. Apesar
disso, poucos estudos focam nos efeitos das técnicas no plancton, e estes estdo mais
voltados para os efeitos nas cianobactérias. Os efeitos da técnica em outros grupos
fitoplanctonicos, além das cianobactérias, e no zooplancton sao pouco abordados e ainda
ndo estd claro como essas técnicas agem nesses organismos, sendo uma das lacunas
encontradas no primeiro capitulo. Além disso, estudos que observem os efeitos ao longo
do tempo, mostrando a sucessdo da comunidade plancténica e em mesocosmos sdo
minoria e também precisam ser analisados.

No geral, todas as técnicas quimicas estudadas removeram a biomassa (ou
biovolume) das cianobactérias. Ao contrario da aeracdo, dragagem e ultrassom, que
tiveram resultados conflitantes, com resultados inconclusivos. Os poucos estudos sobre a
comunidade plancténica apds a aplicacdo da técnica mostram efeitos positivos na
diversidade do fitoplancton ap6s o Floc & Sink e um aumento na riqueza apos o Floc &
Lock e aeracdo. Todas as técnicas afetaram negativamente o zooplancton, diminuindo a
biomassa, sobrevivéncia ou abundancia desses organismos. Entretanto, 0 nimero de
estudos sobre o0 zooplancton é relativamente pequeno, tornando dificil definir conclusdes
mais consistentes.

Respondendo uma dessas lacunas, o capitulo dois aplicou a técnica do Floc & Sink
com lastros naturais e analisou seus efeitos na biomassa fitoplancténica, em uma
abordagem funcional (Grupos Funcionais Baseados em Morfologia - MBFG), baseada
em caracteristicas morfoldgicas do fitoplancton (Kruk et al., 2010). A aplicacdo da
combinacdo do lastro natural + coagulante quimico (Cloreto de Polialuminio - PAC) foi
eficiente na sedimentacao de biomassa algal (PAC + planossolo; PAC + calcério bege;
PAC + calcério branco). O grupo MBFG IV sedimentou tanto com o uso de coagulante
isolado, quanto combinado com os lastros. O Grupo VIII (com presenca de aerétopos) so
sedimentou apds a combinacdo de coagulantes e lastros. Microcystis aeruginosa (Grupo
VII) ndo sedimentou. Mas o Grupo VII, quando formado por outros organismos, sem a
M. aeruginosa, sedimentou em todos os tratamentos. Os grupos MBFG V e MBFG VI

ndo sedimentaram apds nenhum tratamento. Portanto, ambientes com grande abundéncia
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de espécies possuindo aerotopos, flagelos, pequenas diatoméaceas e M. aeruginosa podem
dificultar ou comprometer a eficacia da técnica Floc & Sink.

Respondendo a segunda parte do objetivo geral “avaliar a eficiéncia de técnicas
quimicas em aguas de mananciais da regido semiarida tropical” os capitulos 2 e 3
mostraram que a utilizacdo de compostos naturais nas técnicas Floc & Sink e Floc & Lock
podem ser eficientes na mitigacao da eutrofizacdo. No capitulo 2, os resultados mostraram
que os lastros naturais (Planossolo, Calcario Bege e Calcério Branco) podem ser
utilizados como alternativa a produtos comerciais caros para sedimentacdo de biomassa
de algas.

Para observar o efeito do calcario bege (CB) como adsorvente para reduzir os
custos com a Bentonita Modificada com Lantanio (BML), o Floc & Lock foi aplicado no
capitulo 3. A utilizacdo do calcario bege tem em vista uma busca por um material natural
mais econdmico e sustentavel. Nossos resultados mostraram que a técnica Floc & Lock
reduziu a liberacdo do fosforo no sedimento, e removeu a biomassa algal por
sedimentagdo algal. O tratamento PAC+BML+CB foi tdo eficaz quanto a utilizagédo
sozinha da BML e a combina¢do do PAC+BML.

Em sintese, as técnicas de controle da eutrofizacdo podem afetar o plancton de
diferentes formas, a depender da técnica, do seu principio e do produto. No caso do
fitoplancton, organismos com mecanismos de resisténcia a sedimentacdo podem
prejudicar a eficacia do Floc & Sink. Além disso, recomendamos o uso de lastros naturais
na técnica Floc & Sink e da combinacédo do calcario bege com a BML e com o PAC na
técnica Floc & Lock. Logo, materiais naturais podem ser uma alternativa a produtos
comerciais com a mesma eficiéncia e mais viaveis economicamente. A utilizacdo de
materiais naturais menos custosos se torna mais importante ainda diante de um cenério
de um pais em desenvolvimento como o Brasil, e em especial no semiarido, uma regido
vulneravel a eutrofizacdo que sofre com periodos secos e onde os reservatérios tém
grande importancia econdmica e social.

Além disso, é importante destacar que nao existe um protocolo comum a ser
seguido para aplicacdo da mitigagdo nos lagos, cada lago possui sua caractéristicas
especifiquas que tornam o ecossistema Unico e reforcam a necessidade de testes
laboratoriais. Por fim, a mitigacéo da eutrofizagcdo néo se faz apenas com o controle da
caga interna, o processo de gestdo nas bacias hidrogréaficas para cessar as fontes externas

precisa acontecer para que a aplicagdo das técnicas quimicas seja eficiente e duradoura.
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MATERIAL SUPLEMENTAR
CAPITULO 1

Table 1 Top ten journals that published the most on the subject

Journal Publications
Water Research 14
Environmental pollution 7
Hydrobiologia 7
Chemosphere

Environmental Science and Pollution Research
Science of the Total Environment

Water

Ecological Engineering

Environmental Science and Technology
Journal of Environmental Sciences

Lake and reservoir management

w w A~ B~ B~ O o

Water Science and Technology

Others 72
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Table 2 - Top ten of the most studied countries

Country Number of studies

China 25
USA 17
Netherlands 11
Brazil

France
Poland
Canada
Japan

United Kingdom

N Ww W s~ b~ O

Uruguai

Others 55

*USA = United States of America

Table 3 The 10 most studied phytoplankton genera in articles on physical and chemical
techniques to control eutrophication.

Species Number of results

Microcystis spp. 59

Planktothrix spp.
Aphanizomenon spp.
Dolichospermum spp.
Scenedesmus spp.
Raphidiopsis spp.
Fragilaria spp.
Limnothrix spp.

Aulacoseira spp.

A N A O 07 01 01 O ©

Asterionella spp.

Others

©
o
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Table 4 — The 6 most studied zooplankton genera in articles on physical and chemical
techniques to control eutrophication.

Species Number of results

Daphnia spp. 16

Brachionus spp.
Bosmina spp.
Ceriodaphnia spp.
Keratella spp.

Diaphanosoma spp.

A NN WS~ O

Others
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CAPITULO 2

Table 1- p values for Tukey test table (p<0.05) for functional groups in Boqueirdo
reservoir

Comparision v VIl
Control vs. PAC 0.012* 0.81
Control vs. PAC + PLA 0.0016*  0.014*
Control vs. PAC + CBB 0.0005*  0.008*
Control vs. PAC + CBR 0.014* 0.014
PAC vs. PAC + PLA 0.63 0.002
PAC vs. PAC + CBB 0.23 0.0018*
PAC vs. PAC + CBR 0.99 0.003*
PAC + PLA vs. PAC + CBB 0.90 0.99
PAC + PLA vs. PAC + CBR 0.58 0.99
PAC + CBB vs. PAC + CBR 0.20 0.99

The asterisk (*) symbolizes that there was a statistical difference

Table 2- p values for Tukey test table (p<0.05) for functional groups in Dourado reservoir

Comparision v VII VIl
Control vs. PAC 0.000004  0.002* 0.99
Control vs. PAC + PLA 0.000004* 0.00012* 0.048*
Control vs. PAC + CBB 0.000008* 0.0013*  0.04*
Control vs. PAC + CBR 0.000005* 0.0015*  0.02*
PAC vs. PAC + PLA 0.99 0.21 0.02*
PAC vs. PAC + CBB 0.96 0.99 0.022*
PAC vs. PAC + CBR 0.99 0.98 0.009*
PAC + PLA vs. PAC + CBB 0.97 0.39 0.99
PAC + PLA vs. PAC + CBR 0.99 0.41 0.95
PAC + CBB vs. PAC + CBR 0.98 0.99 0.97

The asterisk (*) symbolizes that there was a statistical difference
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FOTOS DOS AMBIENTES

Reservatério Dourado — utilizado no experimento do capitulo 2
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Reservatorio Boqueirdo de Parelhas — utilizado no experimento do capitulo 2 e 3
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FOTOS DE CAMPO E LABORATORIO

Coleta de sedimento e o coletor (Kajac)
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Experimento do capitulo 2
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Experimento do capitulo 3
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